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“Chapter 1 


1.1 Introduction to power plant 
* 1.2 Classification of power plant . : ; 
1.3 Thermal power plant . ; } 


1.4 General layout of modern thermal power plant a 
1.5. Site selection of thermal power plant 
| 1.6 Present status of power generation in India 
1.6.1 Energy sources and present power installed capacity i 
1.6.2 Power crisis in India aa 
1.6.3 Per capita annual power consumption of India ; 
1.6.4 Role of public sectors in development of power in India, 
47 Lomparsins of various power plats: 


1.1 Introduction to power plant fi : 
‘Power plantis an assembly of equipments that produises and delivers ses and 
| electrical energy. The electrical energy occupies the top position in the enérgy grades ranking. 
| It finds unaccountable uses in home, industry, agriculture and even intransport. The electrical 
* energy is a convenient form of energy because it can be generatéd centrally in bulk'and 
transmitted economically over long distances and is almost pollution free at the consumer 
level. El ectrical energy is generated by c conversion of energy available in different forms from 
different natural sources such as pressure head of water energy, kinetic energy of flowing 
winds, solar energy, geothermal energy, chemical energy of fuels and nuclear CneTEY of radio; 
active substances. i 
The development of power in any country depends upon the available resources in 
that country. The hydropower totally depends upon the natural sites available and hydrological 
cycle of the location of country. New sites caritiot be humanly created for hydro-power plants! 
Nuclear power is recently being in developing phase. The development of nuclear power in a 
country requires advance technological developments and fuel resources; This power source ¢ 
is not much desirable for the developing countries as it is dependent on high technology and 
they are highly capital based system. The. common sources of energy in our country are coal; 
water, oil and gas, Coal is the most important commercial source of energy in India. Thermal 
power generation can be most reliable because coal reserves in our country are.sufficient td 
last for some hundreds of years. However the quality of coal produced Must be ‘improved. 


1.2 Classification of Power plant... atten 


Based upon the various factors the power roti can'be classified as “st sal 


# 


M _PPE16.2 


Scanned with CamScanner 


Beanscame 


Power Plant Engineering 


2 
1. According to type of fuel used 
yet@_« Steam power plants 
» i). Diesel power plants ©. : 
(ii) Gas turbine power plants 
(iv) Nuclear power plants yor noi ‘ 
(v) Hydro-electric power plants wat nok er cexag 
2. According to mobility of plant 
(i) Stationary powerplants, 
(ii)* Mobile power plant ’ 
3. According to nature of load 
@ Baseloadplants: eae bats 
(i) Peak load plants“ i wo ERE 
4. According to nature of organization ._ 
@ Central power plants 
(i) Captive power plants cs ny , = 
_.. Base load power plants : When capacity factor of plant is greater than 57%, the 
power plant is known as based load power plant. The capacity factor is the ratio of the 
average power of generating plant to the rated power over given time interval. This power 
plantis large capacity plant and working average more than 5000 full power hours working 
per year. Due to high capacity of this plant have high capital cost but low operating costs. 
The thermal (steam) power plants, hydro-electric power plants:and nuclear power 
plants are commonly used as base load power plants, ayia § f 


serous 


* he 


Peak load power plants : When capacity factor of power plantis less than 23%, the 
power plant is known as peak load power plant. This plant is small capacity plant and working 
average is less than 2000 full power hours per year. This plant is operated only to meet the 
power demands at a time of maximum demand, commonly during extreme summer and extreme 
winter. This plant requires less investment cost but hi gh operating cost. ; ; 


The Diesel power plants, gas turbine power plants and pumped storage hydro-electric 
power plant are commonly used as a peak load plant. sees wy 


Ma Central power station : These power plants are largé capacity plant and generate 
electric power for general sale to the all consumers. Consumers may be from public; business 
or industry. The capital cost of these power plants are'very hi gh but the operating costs are 
low. These plants are set up by the State Electricity Boards, Central and State governments, 
Public sector. organizations like'National' Thermal Power Corporatic nie 

oa we lon | 
Hydro-electric Power Corporation (NHPC), a QNTPC): Nationa 


Po Public-Private sectors (combined). 
‘Captive Power Plants : These type of power plants are run RG dan 
manuf 
for its own use and its output is not available for general sale; eaivetcer la feelbya 
co-operative society of companies for their ow cin the neighbor 


Huss oF for supply of powerto the neighboring 
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industry. iisy te { < i +t : i 


In the Gujarat, IOC; ONGC; Reliance industries, etc: raoapaclige ie power plants. 


1.3'Thermal Power Plant’ 


The steam power plants, Diesel engine power plats, Gas turbine power plants and 
Nuclear power plant are known as Thermal power plant. However, generally steam power 
plant is called as thermal power plant. The steam power plant can perform two purposes. (i) 
to generate electricity only (ii) to generate electricity along with production of steam for process 
' heating. 
| Working of steam power plant : 
i Steam power plant basically works on the Rankine cyclein which steam and water is 
working fluid."In the boiler steam is generated from water by using heat of flue gases which is 
| produced by means of burning of coal. The steam which is expanded in a turbine, which 
| produces mechanical power. The output power of turbifie is utilized to run the generator. The 
steam after expansion in turbine is usually condensed in a condenser. The condensed steam 
| (water) is again fed to the boiler and cycle is repeated. 
Thé schematic diagram of Rankine cycle is shown i in Fig. 1.1. A Rankine cycle is 
| represented on p-y, T-s, and h-s diagram as shown inFig, 1.2. | . 


“Hear = 
Supplied 


" Work input ; 


i 


Fig, 1.1 Schematic diagram of Rankine cycle Sh ‘ 
The main components of oye are (i) boiler, (ii) turbine, (iii) condenser and (iv) feed 


pump. iu, 
Consider 1 kg of saturated water at pressure yi andt temperature T,. The cycle is 


completed by the following four processes. h ak 


} 


} 
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4 , Power.Plant Engineering 
Process 1-2: The water at constant pressure P, is heated in the boiler until the saturated 
temperature is reached (process 1-a). Saturated water may be converted into dry saturated 
steam (process a-2), wet steam (a-2’) or superheated steam (process a- 2”) at constant 
pressure p,. ‘ ‘ 

Process 2-3 : Steam expand reversibly and adiabatically in the turbine from state 2 to state 3 
(or 2’ to 3’ or 2” to 3” as per condition of steam at outlet of boiler) as shown in Fig. 1.2(a), 
(b) and (c). During this process pressure and temperature falls from p2 to p3 and T, toT, 
respectively. 


S15 S400 joe S.=S “4 “ 
2583 ab Se ; U 


Fig. 1.2 (b) T-s diagram of Rankine cycle 
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Thermal Power Plant : ” ‘ 5 


Fig. 1.2 (c) h-s diagram of Rankine cycle 


: Process 3-4 : The steam coming from turbine at state 3 (or.3’ or. 3”) is now isothermally 


jwcondensed in a condenser and the heat is rejected at constant ed T, and pressure 


I | Ps until the whole steam is condensed into water. ; 
Process 4-1 : The condensate water coming from woearnet at state 4 is: eiittined to boiler 
pressure at state | reversibly and aliataicaly with the help of feed pump: 
Efficiency of Rankine cycle : : 1 


| Heat supplied in boiler q, = ne h 

Work produced by turbine Wp = =h> hy De: ‘i } 

‘Heat rejected to cooling water in condenser dp = hy hy” 
Work i input to feed pump wp = hy. I canna 
Net output w net = ite Wp = = (I - hy) - (h, ~ wy) 


Net work output _ Wnet 


Rankii 1 i Az 
i ine cycle efficiency. Heat supplie d ae" 


se ae (hy) =F) 
ee ometainoee Le Monctaken att raat 
tach 
hgh 


Usually pump work i is very small, hence it may be neglected 


Scanned with CamScanner 


Power Plant Engineering 


h,-h, : 
~ hy -h ; 
i int. 
i t corresponding state poin' 
where f,, Hy, hy, hy is the enthalpy at corresp 


on 


1 er plant. ~ : 
ale ai aaa ea aS wahitite 213, June’12, Dec.”11, June’ 11} 
. - scene einer i ts as 
A steam power plant must have following principle items or equipmen 
i) Furnace -to burn fuel aia ; _ : is utilized 
a Steam generator or boiler -in which heat generated in the furnace is ut to 
convert water into steam @ 8 ; 
(ii) Prime mover (steam turbine) - to use the heat energy of steam and converts into 
mechanical work. i eae 
(iv) Piping system to convey steam and water. aE ol ; fea. 
(v) Electrical generator or alternator - to convert mechanical power into electricity, 
Fig. 1.3 shows a schematic arrangement of equipments of a modern coal fired steani 
power plant. The entire arrangement for the sake of simplicity may be divided into four main 
circuit as (i) Coal and ash circuit, (ii) Air and flue gases circuit, (iii) Feed water and sou 
circuit and (iv) Cooling watercircuit. ~~ 9 "= se, ie 
(i) Coaland ash circuit © <2. ed g >a 2 
Coal received in coal'storage yard of power station is transferred to the furnace by 
coal handling plant. After necessary preparation of the coal, from coal handlin 8 plant ‘iis taken 
into the boiler bunkers by means of bucket conveyers. Then the coal is stored in the bunkers, 
Coal from bunkers falls into the hoppers by gravity and finally the requisite quantity of coal, 
either goes on falling directly on grate or where the coal spreaders aré provided, coal is spread 
in the grate up to rear end with help of coal spreaders, . 


Ash is the product of coal combustion in the furnace, along with flue gases. About 


20% of the ash falls in the bottom ash hopper of boiler andis periodically removed méchanically, 


The ash from hopper is removed to the ash storage by means of Scrap conveyors (ash handling 
plant): Further ash disposed off inacc _ 


cordance with ash disposal arrangement: 
(ii) Air and flue gases circuit ; | 


The air is taken from the atmosphere by the action of a forced draught fan and pass 


through an air pre-heater where it is preheated by the flue gases. The preheated air is supplied 
to the furnace in order to provide air for combustion of fuel. Due to combustion of fuel (coal) 


hot gases (flue g oduced. The flue gases from the furnace‘pass over boiler a 


ve 
» 


aT. ? 


ases) are pr 
and superheater tubes, Then flue gases pass thou, iser (in whi i 
T tubes igh economiser (in whic cd) a 
air preheater (in which air is heated). Flue ga vader, 


i 3 ses is then pa: st 
collecting device where suspended dust andy at Passed through dust and fly ast 


ust are removed from it.The fly ashis se tef 
from flue gases by means of ash Precipitator, Finally, flue gasesis exhausted ns the ee 
. . t ot 1 { 


| 
i 
I 


through chimney, 
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‘8 : a 
iii am circuit : ’ 
= ei i ee which is converted from steam) is extracted from a ae, 
by the condensate extraction pump and passes through low pressure feed water ( xe : re 
temperature of water is raised’in the feed water heater by the heat from steam (w is 
extracted from the'lowest pressure extraction point of the turbine). The feed i bie! a 
through deaerator‘and high pressure feed water heater where itis heated by tl e heat from 
steam (which is extracted from the turbine at suitable point). The deaerator temoves the 
dissolved O; from the feed water (condensate). Then, feed water is heated in economiser and 
fed to the boiler with the help of the feed water pump. ee . 

In the boiler, water is converted into high pressure steam which may be wet. The wet 
steam gets superheated when it passes through the supetheater. The superheated high Pressure 
steam is supplied to the steam turbine. The steam first expands inhigh pressure Stage of turbine 
and then expands in low pressure stage after reheated in the reheater until it brought to original 
dryness or superheat. After the expansion, steam is passed through condenser where it rejects 
heat to cooling water and condensed. The condensed steam (condensate) again feed tothe 
boiler.’A part of steam and water is lost while passing through different components, in order 

to compensate mass of it, the water is added in the feed watersystem as make up water. In 
order to avoid scalin 'g and deposition in the the boiler tubes, the feed water supplied from 
external source is passed through purifying (water treatment plant) to reduce the dissolved 
salts. 2 i 6 ee ieee ms ie 
(iv) Cooling water circuit |. ath 1 
» The function of cooling Water is to absorb heat from steam which is coming from 
turbine and to condensé the steam, Cooling water is supplied from a natural sources such as 
river, canal, sea or lake. Cooling water is passed through the condenser-arid absorbs heat 
from steam hence it is heated. The heated cooling wateris discharged to the lower side of the 


iver. When the adequate fresh water is not available for condenser; then the hot water comin ig 


closed system. When water coming out from the condenser is discharged to river downward 
side directly, the system is called as Open system, _ } 


Main components of thermal power plant and their function : [Dec. 13, May °13] 
(1) Boiler ¢ It is aclosed pressure vessel in which the water is converted into steam with the 
help of heat produced by the burning of coal. The modem high pressure boilers are all water 
tube boilers in which water flows through the tubes and the combustion gases flow across the 


tubes, The high pressure boilers contains Separate set of tubes which constitute heat exchanger 
as follows : 5; sag) 


(a) Super heater : It is used to raise the tem; 


perature of steam above its saturation 
temperature. The superheateris located at 


hottest part of the boiler (in the furnace) 
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so that heat is transferred to steam by su peNaeE from the hot gases. ‘ 

(b) Reheater : It is used to raise the temperature of steam after it has’ expanded i in the 
high pressure turbine. After reheating the steam supplied to the low piesatite ‘steam 
turbine. 

(c) Economizer : The fiinetieny of économizer is to increase temperature of feed water 
using waste heat of fliié'gaseS leaving the boiler through chimney. Itis located before 
airpreheater and after superheater and reheater in the path of the flue gases. 

(d) Air preheater : The function of air preheater is to increase the temperature of air 
before it supply to the furnace using heat from flue gases passing through chimney. 

(2) Steam turbine : The function of steam turbine is to convert the heat energy of steam into 
rotational power at turbine shaft. In modern thermal power plant steam turbine generally has a 
three cylinder tendum compound machine consisting high pressure stage cylinder (HP), 
intermediate pressure stage (I.P.) and low pressure stage cylinder (L.P.). 
(3) Generator !'The function of electric generatof is to convert mechanical (rotational) power 
of turbine shaft into electric energy. Thé generator shaft is coupled to the turbine shaft. 
(4) Condenser : A condenser is a heat exchanger, consists of large cylindrical vessel containing 
large number of brass tubes through which coolin; ig water circulated and steam flowing outside 
the surface of tubes. The function of condeiser is to condense the steam which coming form 
the low pressure turbine. 
(5) Cooling tower : The function of:cooling tower is to e66! the hot water coming from the 
condenser. In the cooling tower the hot water is cooled with the help of the atmospheric air. 
(6) Feed water pump : It is used:to ile feed water (coming from the Sich aa to the 
boiler at a desired high pressure’ Yer hs ; 
(7) Circulating water pump : Iti is Rit to circulate coolin By water in thie eGnoehiey and 
cooling tower closed circuit. # . t 
(8) Coal handing plant «i! ©.) 
Wagon'trippler: It is used to uinkpad ths coal when sie transported i. ibe atari site es rail 
wagon. mbt oi id iar tng 
Crusher house: It is nied to hee coli to asizeof.10.mm. Then coalis supplied to boilerraw 
coal bunkers... ; -., i”, c 
Coal mill : Itis used to seer ther raw ional eee sintetienhetioa’ itis wet in the boiler 
furnace. 
(9) Draught system : : The fain br draught gystem is to create: pressure i which 
is required to introduce desired quantity of air to the boiler, furnace and to carry away the 
burned product ofcombustion and discharge to atmosphere., 
Forced fraught (ED): fan: ED. fanis placed in front of boiler and it: is used to push the air 
through the air preheater and then the furnace of boiler... ..\,, 


hia dyeruce oc Pes ‘ , i 


Induced draught (LD.) fan : I. D.fanis placed near the base of chimney andi itdraws flue gases’ 


through the interior of the boiler and dust extracting equipment and. forces the flue gases to 
move through the chimney. 
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10 — 
ipitator is to re! : : 
reo hrough chimney to avoid ai; 


ipi : unction of ash p 
(10) Ash precipitators : The function of a ae 
from the flue gases before these escape into the atmosphere 


pollution. ; 


(11) Chimney : It is ferro-concrete structure lined with fi 
gases to atmosphere at 30 m above the ground. 
(12) Water treatment plant : The function of water 


water before water supply to the boiler, iad A 
(13) Switch yard ; The switch yard houses transformers, circuit breakers and switches for 


connecting and disconnecting the transformer and circuit breakers. The yea on 
by the 11 kV generator is stepped up by unit transformers to 132/220 kV: er 
transmission through high tension lines and fed to the regional grid. situ 

(14) Control room : The control room houses all the necessary measuring instruments for 
each panel of generator (alternator) and feeder, synchronizing gear, protective gear, automatic 
voltage regulator, communication arrangement etc. The performance of all the plant equipments 

' is constantly monitored here with the help of sophisticated instrumentation and controllers. 

1.5 Site selection of thermal power plant’ ’ ‘+ * [June 711] 


Sangiebes rye 


re bricks. It is used to escape flue 


€ 


treatment plant is toremove impurities of 


Following factors must be considered while selecting the site for a thermal power 
plant. ; i eas as. ike 
(1) Availability of coal: Modern coal based steam power plant requires huge quantity of 
coal per year, A rough idea, a thermal power plant of 100 MW capacity.requires 1200 to 
1500 tones of coal per day. Hence a plant consuming such a large quantity of coal should be 
located as far as possible near the coal mines in order to save the coal transportation costs. 
Also, if plant is located away from coal mines it may create, problems due to failure of 
transportation system or strike at mines etc. For these reasons considerable amount of coal 
(atleast 15 day coal supply) must be stored at the power station. However it increases space 
requirements, staffs, costs.and losses of coal storage. In case itis not possible to locate the 
plant near the coal mines, then the plant should be connected to the railway. rR 
(2) Availability of water : In the steam power plant, water and steam is working fluid, hence 
large quantity of feed or make up waters required. Also huge amount of water required for 
condenser (cooling water) and for disposal of ash. ; va 


A rough idea, a thermal power plant of 100 MW capacity, the 30,000 to 50,000 
.fones cooling water required per hour. If the cooling tower is used than also 800 to 1000 tones 
cooling water required pér hour, The make up water required to compensate the loss of feed 
water is also 10 to 15 tones per hour. Further the water must be pure as possible to reduce 
cost of water treatment for feed water. Therefore, while selecting site for the steam power 
plant, above factor must be considered carefully. It is therefore necessary to locate the plant neat 
the water source which will be able to supply required quantity of water throughout the year. 
(3) Ash disposal facilities ; Ash'is the main waste Product of steam power plant. The ash 
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handling problem is more serious than coal handling, particularly i in India (coal available in 
India is having large percentage of ash as 20 to 40%) because ash comes out in hot condition 
andit is highly corrosive. It’s effect on atmospheric pollution are more serious as human health 
is concerned. A 100 MW steam power plant, produces approximately 350 to 500 tones ash 
per day, itrequires 2.5 hectares area per year if the ash is dumped to a height of 6.5 meters: If 
the site as near the coal mines, itcan be dumped into the disused mines. In case of site located 
near the river, sea or lakes ash can be dumped intoit. Presently ash from power station is used 
for many industrial processes and brick making for construction work. 
(4) Land requirement : Land required not only for setting up the plant but for other purposes 
such as staff colony, coal storage, ash disposal etc. For 100 MW plant, the land requirement 
may be 300 to 500 acres. As the cost of land adds up to the final cost of the plant, it should be 
available at a reasonable price. Land should be also available for future extension. 
(5) Nature of land : The type of land to be selected should have good bearing capacity as it 
has to withstand not only the dead load of the plant but-also the forces transmitted to the 
foundations due to operation of heavy: ‘machinery of plant. The minimum bearing capacity of 
the land should be 1 x 10°N/m?. 
(6) Load centre : The site of power plant should be as near as possible to the loads so that 
the transmission cost and losses are minimum. However, a plant can not be located near all the 
loads. In this case C.G. of the loads is determined with reference two arbitrarily chosen axes; 
this C.G. is known as load centre. Hence in order to minimise the cost and losses the plant - 
should be located as far as possible near the load centre. 
(7) Transport facilities : The power plant should be near the alee line for juingitt the 
heavy machinery 1 forinstallation and for bringing the coal. : 
(8) Availability of labour : At the time of construction of plant enough labour is requires. 
Hence, there should be skilled and vieeeet labours available at reasonable rates near the site 
‘of the plant.’ : . 
(9) Size of the plant’: In case of small power pl ant) cost of transmission live’ is relatively high, 
hence it should be near to the load centre. But, in case of large power plant the cost of 
transportation of coal, cost of water are relatively high compared to the cost of transmission 
line. Hence power plant should be near the coal mine as well as water source. 
(10) Public problems : Site selected should not any short of nuisance to the neighbouring 
areas due to emission of smoke, noise, water vapour etc. Hence plant should be located far 
away from the towns. 
(11) Future extensions : The choice of the site should allow for economical extensions 
consistence with the estimated growth of load. 
Asite selected may notnecessarily satisfy all the factors mentioned above but however 
asuitable compromise must be made between the major factors. 
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1.6 Present status of power genera . 
ower installed c@P 


- power Plant Engineeri,, 
— [Dec. 13) 
jon in India t 
ti acity in India 
1.6.1 Energy sources and present p & atural gas and has immense 


ee 1, lignite, 9 
lncistietairip sich facta a i? nse flows are about 1675 x 10° mi of 
water power resources. India’s total mean annual 1 


i tribution from Himalayan 
which the usable resources are 555 x 10?m’. Out es ae (Narmada, Tapti ang 
rivers (Ganga; Indus and Brahmaputra), lem te eiictrptieen (Godavari; Krishna ang 
Mahanadi) and remaining from the rivers draining the Dece at 
CENA me oil reserves have already been discovered and intogre ia ae aes 
undertaken in various states. India has vast reserves of natural a Se ceen pl 
hundred billion m3. Natural gas is produced in Assam, Triputa, ue nA ne 1 
Though India is deficiént in uranium (fuel of Nuclear power plant), but b ie Posits of 
thorium which can be utilizéd in future. Since independence the country has made tremendous 
progress in the development of electric power and today India has the largest power system 
among the developing countries... ce 
Northern region of India: 55)... sod pteives ; ; 

‘i In this region, Jammu and Kashmir, Purijab, Uttaranchal are very rich in water power 
resources and therefore power development should be based on this source: Haryana and 
Himachal Pradesh has a sizeable potential for water power. Expansion of base load requirements 
in Punjab, Haryana and Himachal Pradesh should be met by an nuclear power plant locatedin 
this area in preference to aconventional steam powerplant which wilf not be economical. This 
areacan receive backing from Delhi.and Badarpur steam power plants. In Jammu and Kashmir 
conventional steam power plant and Nuclear power plant will’be totally:unjustified. Uttar 


nuclear power plant only. The present powerinstatned on er amme Should be based 


‘ HE: at led i ; 
Northern region is given in Table l.land graphical iapeenaie cea 3 y 1-2010i0 
: ; Reece 00 i ho Siven in Fig. 1.4. 
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Table 1.1 
Installed capacity (MW) of power in Northern region of India 


Ownership] Thermal Power Plant | Hydro |Nuclear| Renewable 
Total 
Sector | Coal [Diesel] Power | Power | Energy 


Z 


|State | 320.00) 600.40 0.00] o.oo] 0.00] 0.00] 920.40 

zal 581.62] 47. a8 3304.27 

[Private | 0.00! 0.00] 0.00f 0.001 0.00 0.00} 0.09 

Sub. Total [2787.96] 808.01] 0.00] _581.62| 47.08| ___0.00| 4224.67] 

jstate__ | 2132.50{ 0.00] 3.92] 884.51[ _0.00|___68.70| 3089.63] 

535.29] 0.00] 443.17] 76.16] 0.00] 1457.61 

irate {ol a0] of ooo] aol soo) co 

535.29 AS: 24 

sian" * pool wand Thal seal oe ssa eam 

[Central [“118.30{ “61.88[ __0.00|_760.34[ _14.08|___0.00| _ 954.60] 

Private | _0.001 0.00! 0.00) 386,00| 0.00] 0.00] _ 386.00] 

Sub. Total 1539.94 1983, m5 

state {0.00 175.001 8.941 780.00 0.00] 129.33] 1093.27 

[Central |_263.70| 129.14] 0.00) 70053] 68.00] 0.00] 1161.37 

Private | o.00l 0.0] aco} 0001 ag 0.00{ 0.00 

Sub. Total 3.94 1480.53] 68.00 129. 33| 2284.64 

[State | 2630.00] 0.00] 0.00] 2230.23] 0.00] 217.95] 5078.18| 

263.92] 0.00| 732.66], 151.04] 0.00] _ 1725.81] 

ivate {0.0 o00{ aol ooo} ooo] 55.5] _ ss 

[Sub. Total [3208.19] 263.92| _0.00|2962.89| 151.04[ 276.20] 6862.24] 

Rajasthan sine snl “ood “987. Sef 0.00 20.25] 4702.01 

| 221.23 0.00] 466.84] _469.00| 0.00] 1806.55] 

vas” Ol tasool oooh oS cia Se TUTTE 

Sub. Total 4024.48] 665.051 _0.00/1454.801 499.001. 910.65] 7523.96 

Uttar Sie {eran on nau on aul wa 

Predesh _ cent [aioe S07] wa orl Saal oo) ser 

Piva —| act} aot] oo ow ooo iss 

[Sub. Total |6612.84] 549.97| 0.00] 1597.42| 203.72| 570.60] 9534. 35 

sie ome om ss on) — it as 
‘|Central_“[ 261.26{ _69.35| 0.00] _267.03| _16.28] 


[0.00] 61. 
j Fivate [cco] 000] oon] —aonedl — ool ——o.—atn 
[Sub. Total | 261.26| 69.35] _0.00[1919.18| 16.28] 132.92| 2398.99] 
Chandi- sae [al coo a 0a 


garh = {Central__| _27.09{ 15.32] 0.00 46.74 4.84|_ 0.00] 93.99] 
col 000 |_-_ 0.00) 
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Western region of India: 
; Gujarat is deficient both in water power and coal resources, therefore, the nuclear 
power isto form the base. The small water potential and natural gas available in the state can 
serve the peaking capacity. Madhya Pradesh has sufficient coal reserves and water power 
resources. Therefore, the power programme should be based on combination of these 
resources, Maharashtra has sizeable water potential. Since, in Maharashtra, coal resources 
are laking, the backing power has to be provided by nuclear power. The present power 
installed capacity (MW) as on 31-01-2010 in Westem region is given in Table 1.2 and graphical 
representation given in Fig. 1.5. Gujarat state is rich in gas resources. Therefore, gas based 
power has a good contribution in total generation as shown in Fig. 1.6. i 
Table-1.2: Installed capacity (MW) of power in Western region of India 


Hydro | Nuclear| Renewable | ; 

[state [0.00] 0.00] 0.00! o.oo 0.00] _0.05| 005 
271.03] _0.00|~ 0.00 0.00{ 25.80] 0.00] _302.83 
Private." 0.00] 48.00| 0.00] — 0.00 0.00! 30.00]. 78.00 
Sub. Total.| _277.03[-_ 48.00] 0.00[ _0.00{ 25.80] 30.05] . 380.88 
|-0.00{ — 0.00] 0.00[- 0.00! __ 0.00) 
| 0.00] -7.38[ ~~ 0.00| 30.69] 
| 0.00{  0.00[ 0.00] 0.00] 
| 0.00] 7.38 0.00[ _30.62| 
|_772.00| .0.00[.__ 24.30), 5896.30] 
[0.00] “359.32 0.00] 2490.49 
|__0.00| 0.00] 1619.61] 5177.31 
772.00| 559.32 1643.91|13566.09] 
1703.66] » 0.00] 4582.92 

1520.00] _- 273.24 

|." 0.00] 
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| 

| Southern region of India : : 

| Karnataka, Kerala, Andhra Pradesh are very rich in water power resources and 
| therefore power development programmes shouldbe based on this source. Tamil Nadu is 
} deficient in coal resources and it has already exhausted its limited water power potential. 
Therefore, the future power programme should be based largely on Nuclear power plants. 
The present power installed capacity (MW) as on 31-01-2010 in Sourthem region is given in 
Table 1.3 and graphical representation given in Fig. 1.7. : 


Table-1.3: Installed capacity (MW) of power in Southern region of India 


a er SES 
Sector | Coal: [ Gas~ |Diesel| Power | Power |" Energy 

Andhra [State | 3882.50] 0.00] 0.00] 3617.53| 0.00] 188.43] _7688. 

| ~ o.0o[ 214.28] 0.00] 2591. 

[Private | 0.00] 2580.40] 36.80|___0.00{ 0.00] ___511.58| _3128.7 

13408.9 

Kamataka|State | 1970.00| 0.00] 127.92| 3599.80] 0.00|___527.15| _ 6224.8 

[Central__|_1072.67|_0.00| _0.00|__- 0.00] _ 195.36 

[Private | 860.00| 220.00] 106.50] 0.00 __0.00| ~_1706.54|_2 

_|Sub. Total [3902.67[_220.00|234.42] 3599.80| 195.36|  2233.69|10385.94| 

Kerala [State | 0.00] _0.00|-234.60| 1781.50|~ 0.00] 138.76 2154.86 

[Central | 765.38] - 359.58|" 0.00] -- 0.00| 78.10 —__0.00| ~ 1203.06 
|__0.00| 0.00] 


& 


EN 


i 


Ss 


R 
& 
9° 
BIS 


6 
Ww 
£ 


> 


195.84]. 


Tamil [State__| 

Nadu [Central__| 2299.8i|_0.00| 0.00] 0.00| “478.50| 0.00 _ 2778.31] 
Private | 250.00] 503.10] 411.66| 0.00] 0.00] __4778.56|_5943.32] 
[Sub. Total [5519.81|1026.30] 411.66] 2108.20] 478.50|  4864.11|14408.58| 
[State | 0.00] 0.00] - o.oo] 0.00|__0.00| - 0.00|__0.00] 


| 0.00)" 0.00] "0.00 
| 16.28] 0.00)" 255.79] - 
Eastern region of India’: a ale 
Bihar, Jnarkhand and West Bengal has abundant coal reserves. Therefore, the major 
power development programme should be based on conventional steam power plant. In Bihar 
asmall amount of water power is‘also available which ‘can be provide the peak loads. West 
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Bengal is deficient in water potential. In Orissa, both water power and coal Tesources are (My 
available and therefore power development programme should be based on a combination of repn 
these’ sourcés. The present power installed capacity (MW) as on 31-01-2010 in Eastern 4 


regions given in Table 1.4 and graphical representation given in Fig. 1.8. 


Table-1.4: Installed capacity (MW) of power in Eastern region of India 


Hydro |Nuclear|Rene wable Total 
Power} Energy 


| Coal’ | 

Bihar ee a a a a a 
[Central | 1131.70| _0.00| _0.00| 129.43 0.00] 0.00] 1261.13 
[Private [0.00] 0.00] 0.00 0.00 0.00] 0.00] —_.0.00 

[Sub. Total [1661.70] 0.00] 0.00] 129.43] 0.00] 54.60] 1845.73 
[State [1190.00] 0.00 0.00] = 130.00 o.00| 4.05] 1324.05} 
187.88] -0.00| _0.00{__70.93[_" o.00| 0.00 258.81] 
Private | 360.00| 0.00 0.00! 0.00] _0.00 0.00| _360:00 

~_[Sub. Total [1737.88]" 0.00] 0.00] 200.93] - 0.00 ~ 4.05] 1942.86 
[State____| 4780.00] 100.00] “12.06| 977.00 —0.00|-__144.50|_6013.56| 
[Central [634.96] 0.00] 0.00] 139.30] 0.00] 0.00] _ 774.26 
[Private [1341.38] “o.00| 01a! 0.00 0.00] 20.35] 1361.87 

_{Sub. Total [6756.34] 100.00[ 12.20| 1116.30] _0.00| __164.85| 8149.69| 
[State | 0.00 0.00[ 0.00] 0.00| o.oo) 0.001 0.00 
[Central _ | 3313.10] 90.00 0.00] 193.26 0.00] 0.00} _3596.36| 
[Private-["-0.00| 0.00] 0.00] _0.00[ 0.00} 0.001 0.00] 

_{Sub. Total [3313.10/ 90.00] 0.00[ 193.26 0.00| 0.00] 3596.36] 
[State___“{ = 420.00] 0.00] — 0.00] 2083.92] 0.00] 64:30] 2568.20 
[Central | 408. io| = 0.00] 0.00) ~ 105.01| 0.00 0.00] 1513.11] 
[Private [0.00] 0.00] “0.00, 0.00] 000] o.00! > 0.00 
Sub. Total |1828.10|,0.00/ 0.00] 2188.93[_0.00| __64.30| 4081.33 
State [0.00 ~ 0.00 5.00] o.00| 0.00 47.N| 52.11] 
[Central “| 68.10] “0.00 0.00) ~ 75.27] ool. 0.00] 143.37 
Private _[" 0.00] “0.00 0.00.00 o.oo a.0o] 0.00 

Sub. Total | 68.10] 0.00] 5.00] 75.27| .-0.00[ 47.11] 195.48 

‘North-Eastern region of India :: : 
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(MW) as on 31-01-2010 in the North-Eastem region is given in Table 1.5nd graphical 
representation given in Fig. 1.9, , ~ ’ 

Table-1.5: Installed capacity (MW) of power in North-Eastern region of India 


Coal | Gas_| Dieser 


Hydro 
Power 


a 
& 
S 
3 
& 


i) 
Elo. 


Hu 95.71 

|__+0.00|_._0.00|__0.00] 

0.84] -" 4. . 0.00] 16.01] 244.07| 
0.00} 0. 


00] —-45:41|- 0:00 0.00 


. |___5.45| 157.80] 
|. 0.09] |__28.67|__ 30.67] 


D 


ub. Total ’ 
Islands of India : spilnintnis ce slash gras ab wala abel 


ood “In Andaman & Nicobar, the power is generated by diesel power plant and some of 
pr! renewable energy sources. Lakshdweep fulfils their requirement only by diesel power plant. 
Islands power installed capacity (MW) as on 31-01-2010 is given in Table 1.6. 
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P 5.25) 45.39 
[0.00] 0.00] 
F200] 20.00] 
[5.25] 65.30] 


5. 
[0.00] _9.97| 
[0.00] 0.00] 
|= 0.00] 0.00} 
| _ 0.00) 


Table-1.6: Installed capacity (MW) of pow 


| Diesel | Power 


Sector Coal [ Gas_| 
[0.00 0.00 
[0.00 0.00 
| 0.00[ 0.00] 
| 0.00 
| 0.00] 
| 0.00 
| 0.00 


Ss 


3 


9.9 


= 


[0.00] 
[0.00 
[0.00] 
| 0.00] 
All India installed capacity is given in Table‘1.7. ah J 

Table-1.7: Installed capacity (MW) of power of all India 


Ownership Thermal Power Plant Hydro Renewable Total 
Sector | Coal -| Gas. | Diesel |- Power |, Power Energy 
[State | 44054.5]_4046.12| 602.61] 27087]. 
all 


6885. 
India has a total installed capacity of power is 1,56,784 MW (as on 31-01-2010), 
out of these 64% of thermal, 23% hydro, 3% Nuclear and 10% of RES. as shown in Fig..1.10 


and Fig. 1.11. Fig. 1.12 represents the installed capacity of power of state government, 


central and private sectors of India. The state wise central allocation of poweris given in Fig 
1.13, ; ros 


From above data it is cleared that the two major sources of electric power in India are 
wl (thermal) and water. As a national policy greatest emphasis should be laid on the 
. a of hydro resources because of Operating cost of hydro power plant is very less. 

ever high investment cost and hydro power planttakes about 8 to 10 years forit completion. 


Hence, thermal power plantis the reasonable option to hydro power plant due to availability 


of fuel in India. Also itis very difficult to Maintain a uniform rate of power production from 


hydro power plant due to wide fluctuation in annual rail fall and run off. 
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Fig. 1.13 State wise central allocation of installed capacity (MW) of India 
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Fig. 1.14 Power Requirement, Availability and Generation position of India 
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E Fig. 1.15 State wise per capita power consuimption(kWhr) of India 
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1.6.2 Power crisis in India’s) i \y aotago%ty Syste vet 


The electricity requirements in India have increased very fast rate and demand ahead 
of supply. The growth of power generation and transmission progresses in the country are not 
such that progress in demand. The commissioning of manly power projects has been delayed 
considerably due to various reasons such as non availability of fund in time, shortage of building 
materials, shortage of trainéd personnel, delay in delivery of equipment, political disputes etc. 

j Some time reduction in generation of power of hydro power plant due to less rainfall. Many 
_time thermal power plant is stopped due to shortage of coal, transportation strikes etc. The 
Power requirement availability and generation progress of India is given in Table 1.8. and 
graphical Tepresentation given in Fig. 1.14, The generation of electricity is normally greater 
than availability of power generation (plant runs with ovetload) and less than requirement. 
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Table 1.8 Power Requirement, Availability and Generation position of India 


M M ] U 
1997-98 | _424505 | 390330 [420000 [34175 [8.1 
1998-99 420235 | 448400 | 26s9 5.9 

: i262 


1999-00 480430 
507216 _|-_467400__ |_ 499500 | 39816 [78 | 
0 
0 


Vi 


522537 483350 515200 39187 


yy 


002- 


% 
8.1 
5.9 
62 
78 


i 
2. 
3 
4 
5) 
6 
‘7 
8 


|_2005-06 | 631554 [578819 [617500 52735 [8a 
|_2006-07 | 690587 |. 624495. [1662400 [6609296 


2007-0: 737052 664660 ~ 704400 72302 | 908 | 
2008-09 7771039 691038 723800" 86001 
2009-10 688171 620003- 638100‘ ~~ 68168 


The data for. year 2009-2010-is taken up to January, 2010 
MU: Million Unit = 10 Lacs Units =10 Lacs kWh ° mn 


1.6.3 Per capita annual power consumption of India” 


The per capita electricity power consumption of India in 1947 was only 12 kWhr 
which gradually increased to’631.41 in 2005-2006. But this power consumption is far low 
compared with the developed countries. As shown in Table 1.9 state wise gross annual per 
capita consumption of India, Dadar & Nagar Haveli has maximum power consumption 
11567.67 kWhr and Bihar has minimum 85.86 kWhr. The more power consumption represents 
the decent standard of living for the people. The graphical representation of per capita power : 
consumption is given inFig. 1.15. 


1.6.4 Role of public sectors in development of power in India 
NTPC - National Thermal Power Corporation : ~ -- 


NTPC Limited is a company of Government of India. It is the single largest power 
generator in India with comprehensive in house capability in building and operating power 
projects. NTPC generation capacity was 18.82% of country’s installed capacity as on 31- 

" 03-2009, NTPC accounted for 28.60 % of the entire‘electricity generated in the country 
during the year 2008-09. Current operating capacity (as on 31-01-2010) of NTPC is 33970 
MW comprising 28,095 MW coal based stations, 3955 MW gas based stations and 1920 
MW hydro station: It-also has:a 2904 MW (coal based) under joint ventures. Details of 
NTPC installed capacity as on 30-01-2010 are given in Table 1.10 and Table 1.11. 
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. Table 1.9 State wise annual per capita power consumption of India (year 2005-2006) 


Per capita power consumption , 
(kWhr) ‘ 
Himachal Pradesh es 765.86 ue aed 


Jammu & Kashmir 
Punjab f : 
Rajasthan : 
Uttar Pradesh | 


654.84 
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Chandigarh 


Debi 
(Cg 
Pe 


[2 D. GN Havel Fin cic ba na yen WISO7.6Re hows wus 
Karnataka 3) sini pe feoike iad aerurn205 
-{_-Kerala + attain Ts AIA 13; 


Negi pg 
Pips EP aggre 
[AnmachalPradest [397.66 

ee as IR 
Ca aia 


Total (All India) 
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asin. Table 1.10 Installed capacity of NTPC's plants‘: 
(1) Thermal (coal) Based (owned by NTPC) 


i Cty] State - | Trt Capaclty _ 
| Korba | Chhattisgarh [2,600 
_Vindhyachal Madhya Pradesh 

| Rinand | Uttar Pradesh | : 


Talcher Thermal 


| Unchahar ss | Uttar Pradesh sn 050 
| Talcher Thermal | Orissa | 460 


| Tfalcher Kania 3,000 
FSinpadi Andhra Pradesh 1.000-—) 


B 
(2) GAS or liquid based (owned by.NTPC) 2.3 \> : 
ts 
| Auraiya [| Uttar Pradeshiy | 652s 


“Uitar Pradesh 
, , 


413 


fa 
ai 652 
~ |= @) Hydro (owned by NTPC) oe 
| Loharinag Pala (HEPP) ~~ | “Uttarakhand "| 600 
Tapovan Vishnugad (HEPP) [ Uttarakhand _| 520 
| Total (gas orliquidbased) Sd Sidi 
| Total (Coal based + Gas based+ Hydro) || _ 33970 | 
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Table 1:11 Installed capacity of NTPC's Joint ventures plants : 


Coal Based (Owned by Joint Ventures) 2 : 
[city [State | Joint Ventures _| Installed Capacity], 
[ Bhilai __|_ Chiuttisgarh_| 


NHPC-National Hydro-electric Power Corporation : : ae 
! _ P i ; tote d » f 
NHPC limited (earlier known as National Hydroelectric Power Corporation Ltd.)is 


Power Plant Engineering 


1980 ‘ 


company of Government of India. NHPC was set up in 1975 and has now become the largest 


organisation for hydro power development of India, with capabilities of undertake all the | 


activities from conceptualization to commissioning of Hydro projects. NHPC has so far 
commissioned-13 hydroelectric projects with an aggregate installed capacity of 5175 MW 
* which includes 2 projects with total capacity of 1520 MW in joint venture with Government of 
Madhya Pradesh. Details of NHPC installed capacity as on 30-01-2010 are given in Table 


112s i 


Table 1.12 Installed Capacity of NHPC's Hydro Power Stations. ; 


Baira siul 


State 


__ |. Himachal Pradesh 
Manipur 105 1983 
Jammu & Kashmir 345 1987. 
: ! 120. - 


: 3 Commissioned | Commissioned 
_Capacity (MW). |)! ‘year 


oe TRO 


1981 


‘ Jammu & Kashmir 


| Tanakpur | Uttarakhand: "1992 


Himachal Pradesh } 1994 
, Jammu & Kashmir; 


540 
345 “] 


ny, 
1999 
: 


[2000-7 | 
~ fe 2007.1 
sf a068 | 


| 
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Under construction } 


Chutak Jammu & Kashmir aa ‘ 
ane 
| Total (Under construction) | 5090 
Total (Working + Under construction) 


NPCIL - Nuclear Power Corporation of India Limited : 


NPCIL (earlier Nuclear Power Board)is largest public sector of Government of India, 
was set up in 1987 to implement the nuclear power generation programme on commercial 
lines. It is responsible for designing, constructing, commissioning and operating all nuclear 
power reactors in the country. NPCIL has a commissioned 20 reactors with an installed 
capacity 4385 MWe and 5 reactors of total 3900 Mwe are under construction as given in 
Table 1.13. { 


Table 1.13 India's Nuclear Power Reactors under control of NPCIL 


Type of _| MWe net, | Commercial 
Reactor . each operation 


Cy Semel lage 0 7 
Rajasthan 2 PERS SS 2 Ta AGRE 
Rajasthan 3 & 4 PHWR 


Rajasthan 5:& 6 Rajasthan 202... |... 2010.. | 
Maharashtra 


Tarapur 3 & 4 PHWR | 490 | 2006 | 
“Total (20) inn [4385 MWe [= ) 


“Narora | & 2 ~~ | Uttar Pradesh 1991-92 
= 
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REC- Rural Electrification Corporation : a oo 
REC was set up in'1969, with primary objective of promoting rural electrification by 


financing rural electrification schemes and rural electric corporatives in the states. 


" DVC- Damodar Valley Corporation : ; 
DVC was established in 1948 under an Act of Parliament for unified development of 


Damodar Valley covering an area of 24,235 km? in Bihar and West Bengal. Main functions 
assigned to DVC are control of floods, irrigation, generation and transmission of power. The 
DVC has three thermal power stations at Bokaro, Chandrapura and Durgapur with total 
installed capacity of 1755 MW. Ithas four multi-purpose dams at Tilaiya, Maithon,Panchet, 
and Konar. There are three hydel power stations (total capacity 144 MW). DVC has also set 
up three gas turbine unit (total capacity 90 MW) at Maithon. 
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Power Plant Engineering 


Write explanatory note on layout of amodern thermal power station including the main 


ircui th of flow. { 
sic lant label major component and state . 


Draw general layout of modern steam power p 
function of each component. : [Dec. 2010, 07 Marks) 
Write short notes on layout of thermal power plant. ie a 

Give the layout of modern thermal power station including maj or circuits/ paths of flow of 


coal, air & flue gases, condensate & steam and cooling water. Label the major equipments, 
; "Briefly explain the factors to be considered for site selection of a modem 


1 


thermal powerplant. |. 
State the various types of conventional power plants. 
What are the basic resources in India for power generation ? 


Explain the present power position of India ? 


Objective Type Questions 


When capacity factor of power plant is greater them 57% , then power plant is know: 
as 


(a) central power station ' (b) captive power plant 
(c) Base load plant (d) Peak load plant 
Which of the following is most common source of power in India. 
(a) coal -  (d)oil (c)Uranium —(d) gas 


The public sector unit has a inhouse capability in building and Operating power projed 
inIndiais th 

(@)NPCIL _ (b)NHPC  ()NTPC _ @)REC ; 
The public sector unit associated with the nuclear power generation in Indiais 
(a) NPCIL | (b)NHPC’ —_ (c) NTPC ‘(d) REC 

What are the main functions assigned to Damodar Valley corporation. 

(a) power generation and transmission: _(b) control of floods 

(c)inrigation \ (d) all of these 

Which of the following is largest organisation for hydroelectric power peciest 
(a) NPCIL (b) NHPC . -(c)NTPC (d) REC 

Steam power plants work closely on 

(a) Carnot cycle (b) Brayton cycle 

(c) Rankinecycle (d) Auto cycle 
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Thermal Power Plant 37 
‘3. Operating’ cost of steam power Planti is less than aes 
(a) Nuclear power plant “. “(b) Diesel power plant - 
(c) Hydro electric power plant (d) none of these 
9,  Theefficiency of the thermal power plantis of the order of 
a (a) 60% (b)45% - — (c)30% (d) 20% 


| | 10. Which types of power plant has highest contribution to generate the power in India. 
(a) Thermal (b) Hydro (c)Nuclear © (d) RES 
; Answers is 


nl 4.(c) 2(a) 3(c) -4(a) 5.4) 6(b) 7) 8b) %©) 10.) 


Nn 
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2.1 Introduction to high Pressure boilers 

2.2 Unique features of high Pressure boilers 

2.3 La-Mont boiler 

2.4 ‘Benson boiler SDS tho. 

25 Loeffler boiler : i 

$2.6 Schmidt-Hartmann boiler 3), - 

2.7 Supercritical boiler’: ae 

2.8 Supercharged boiler ‘ eae: 

2.9 Fluidized Bed Combustion (FBC) system: < 
2.9.1 Atmospheric FBC boilers ' 


2.9.2 Pressurized FBC boiler Reser 
2.10 Heating surface and their location in the boiler { 
2.11 Superheaters sigd} j s 
2.12 Reheaters User | 
2.13 Economizers | 
2.14 Air pre-heaters eee 
2.15 Steam temperature or superheat control ~~ ; 


2.16 Corrosion in boilers and its prevention 


} 
} 
t 

raed 
y 
{ 
{ 


2.1 Introduction to high pressure boilers | 

Inapplications where steam is needed at 30 bar and steam | generatin ig Capacity less than 
30,000 kg/hr, the fire tube boilers are considerably cheaper. than the water tube boilers. But 
the steam requirement is above 30 bar: ‘pressure and higher rate, the fire tube boilers will be 
very bulky and difficult to transport to the site. The water tube boilerare not facing this problem 
e.g. Babcock and Wilcox boiler has maximum working} pressure 42 bar while Lancashire’s 16 
bar. Therefore, water tube boiler is generally preferred for high pressure a and high steam generating 
capacity whereas fire tube boiler for low pressure and low capacity, 

In the power plant, it is necessary to generate steam at a higher rate, high pressure and 
with higher efficiency. This requirement is fulfill by high pressure | boilers. The modern high 
pressure boilers are generate steam at rate 30 to 650 tones/hr and above with a pressure up to 
160 bar and maximum steam temperature of about sia i ay power generation applications. 

f high pressure boilers commonly used are: 

iene ee ae boiler, (3) Benson boiler, (4) Schmidt-Hartmann boiler, 

(5) Velox boiler, (6) Supercritical boiler, (7) Supercharged b boiler, (8) Fluidized bed combustion 


boilers etc, 
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2.2 Unique features of high pressure boilers, { ~ wuTo 


(1). Method of water circulation 
ss ‘8 Gage of natural circulation bdiler (low pressure boiler), flow of water/steam takes 


egg place due to'density difference of hot water and cold water as shown in Fig.2.1. With an 
increase in boiler pressure the density difference reduces, at critical pressure (221.05 
bars) steam and water having same density. Hence natural circulation is not useful for high 
pressure boiler specially critical and supercritical boiler. Also, heat transfer point of view 
itis simpler to use high water velocities rather than high gas velocities. Further, slow 
circulation of water causes film boiling and hence steam bubbles remains contact with 
metal tube which increases the resistance to heat flow. ant 1 
Superheater 


Superheated, 
Steam 


Steam 


_., Low density, og 
‘ water/steam! !¥)) 8°!" 


High 
density 
water 
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e Fig 2.1 Natural circulation boiler ea 
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h . er nered nig Pressure boiler plants, the water circulation is maintained with the 
= ees i er circulating pump which forces the water through the boiler as shown in 
'g.2.2. Due to high velocity of water in forced circulation the heat transfer rate is increased. 


r Hence; evaporative Capacity of the boilercan be increased and size of boiler is reduced 
by using smaller diameter tubes, i 


(2): Type of tubing - nine : 

The most of high pressure boilers are water tube boilers. If flow takes place through 
sone long continuous tube; the large pressure drop takes place due to friction. This is 
» reduced by arranging the flowto pass through parallel set of tubes. This arrangement in 

high pressure boilers reduces the pressure loss and provides better control over the 
quality of the steam; |: ries nti 
In the force circulation boiler it is possible to prevent film boiling. But, at boiler 
pressure above 200bar the effectiveness of drum in separating the saturated steam from 
water is reduced. This negative can be eliminated by using once through boiler. In once 
through boiler as shownin the Fig. 2.3 water is fed to the boiler atone end and superheated 
steam discharged through the other end. Hence, entire operation of feed water heating, 
steam formation (evaporation) and superheating are taken place in a single tube without 
use of drum. a i ; | : 


tt 


Superheated, : 
Steam 


Economiser:: .°~* 
nbi MONTY 


Whee! preriss * i. Fig 2:3 Once.through boiler 


' 


" (3). Pressurized combustion Je gua aici ege sed (0) 
“In order to increase the rate of heat release in the boiler furnaces it is essential to 
increase the rate of firing of the fuel. Hence it is necessary to use pressurized combustion 
systems, 
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(4) ‘Improved methods of heating: >) *: ; 
Inhigh pressure boilers, one or more of the following methods 

increase heat transfer. ! a way “ 

@ Saving of latent heat of evaporation of water at pressure above critic 

ii) Heating of water by mixing the superheated steam. \ : 

i welocity of hot gas and water are high and hence heat transfer,rate from Bas to water 


ag ths 


can be adopted to 


al pressure. 


t 


is increased. ; on) f 
(iv) Utilization of all three mode of heat transfer as conduction, convection and radiation, 


‘In modern high pressure boiler.about 35% of total:heat transfer takes place by 

radiation. © i ) f t reel 2 bait | 

(5) Compactness: In high pressure boiler, large number of small size tubes and fumber of 

pass are used which increases the heat transfer area, hence size and-weight of boiler is 
teduced. . iftgaiy tad are YO at hg eniandOS avods aineeng- 


rot 


Advantages of high pressure boiler over conventional boiler: ple bees 
" (1) Due to forced circulation of water, evaporative capacity of boiler is increased and size 
GE cine echcabead 2 SNF Seathae RE TEE Paap NS sae _ 
(2) ‘Smaller diameter tubes are used; which increases heat transfer rate and reduces fuel | 
consumption. . pil 
(3) Pressurized combustion is used which increases rate of firing of fuel thus increasing | 
the rate of heat release. Aeneas 
(4) These boilers are compact and hence less floor space is required. } 
(5) Due tohigh velocity of water through tubes, the scale formation tendency is eliminated. 
(6) Due to uniform heating of all parts, there is less chances of overheating. 
(7) High pressure and temperature of steam lead to increase the plant efficiency. 
(8). The steam can be raised quickly to meet the variable load. 


(9) A very rapid start from cold is possible. , : it 
Comparison between high pressure and conventional boiler: “a 
(1) Fuel burning process: High pressure boilers can be utilized fuels like oil, gas or coal; 
they have modified buming system and special types of burner. 
(2) Flue Path: Pressurized combustion Provides uniform heating, minimum friction losses, 
reduci ng overheating and maximum heat transfer is possible. 
(3) Circulation of water: Forced circulation of water provides high heat transfer rate and 
less scale formation tendency. , ; ; 
o ie leiapelepace: Compact, no drum, less space requirement. : 
(5) ‘ ee omen Better design and different parts arrangement lead to increased 
me a sb biee! surface area, SO increased efficiency of boiler, 
ei pee a 85 at a eo 
tie ove ar), t se 2 Veber ayury ref 
temperature range 500-540°C, | -*0' "ht ch gh eine fees by : bi al 


| 


re 
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: (7): Fuel consumption: Lower as 250 ‘Toneshr Geta Kayes 
(8): Waste disposal/draught system: High pressure boiler u uses modified draught Bhi 
and hence, thereis reduction in pollutions: che é 


2.3 La-Mont boiler cit : dd [Dec: 13] 


The La-Mont boileris a first forocd cinculinion: odes introduced by Lee Mont in'1925i in 
which pump is used for forced circulation. j ; 
Type of boiler: Water tube; forced circulation, high PrDaeti boiler. jain ! 
5 Steam generating capacity:.45 to 50 tones/hr . 
Pressure and temperature: 120 atm. and cane Cc 


iekinn: 


The feed water from the hot well is s pumped to boiler drum through economizer. The 
economizer ‘as shown in Fig, 2.4 is located in the boiler where hot combustion gases pass. 


Exhaust gases to chimney 


Hot ‘air to 


combustion, Z faint : Cold:air from 
1 250850 chamber! hia7> H © ; eo 
“) ‘ 
, LGN fs esi iReblibmiser’® 
Feed water Z 


Feed pump Superheater By * 
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Fig 2.4 La-Mont boiler 
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heat from flue,gases passes over the 
diant and convection evaporator, and 
bsorb radiant heat and in convective 


44 
In economizer, the feed water absorbs the sensible 
economizer. The water from the drum is pumped tora 
again to drum, The feed water in radiant evaporator al 


i i tes. 
evaporator absorb convective heat and it evapora scone 
‘The evaporated water (steam) collected in the upper part of separating steam drum. 


Then it passes through superheater where it becomes superheated. The superheated an is 
i e prime mover. ‘ 

sa nes cold airis preheated in the air-preheater by the flue gases before 7 

are discharged through the chimney. The heated air from:air preheater is supplied to the 

combustion chamber. , 

The combustion product (flue gases) flow in following sequence : As 
Combustion chamber —> Convective evaporator — Superheater —> Economizer — 
Air preheater > Chimney —> Atmosphere , 

The water/steam flow in following sequence : , a 
Hot well — Feed water pump — Economizer + Steam drum — Steam circulating 
pump —» Radiant evaporator —> Convective evaporator — Steam drum — Superheater 
— Steam turbine { 

Main difficulties experienced in La:Mont boiler are : 

(1) Thedeposition of salt and sediments on the inner surfaces of the water tubes. It leads to 
reduce heat transfer and ultimately the steam generating capacity. This further increases 
the danger of overheating of tubes due to salt deposition. at 

(2). The formation and attachment of bubbles on the inner surfaces of the heating tubes. It 
leads to increase the heat flow resistance and steam generation. 


2.4 Benson boiler _- | me JE (Dec. °13, June °11] 


The Benson boiler is introduced by Benson and he argued that if the boiler pressure is 
raised above the critical pressure (225 atm.), the steam and water have the same density; 
therefore bubbles would not be formed. Hence, the difficulty experienced in case of La-mont 
boiler as danger of bubbles formation can be easily eliminated. This boiler also known once 
through boiler as in this case water is fed to the boiler at one end and superheated steam 
discharged through the other end. Hence, entire operation of feed water heating, steam formation 
(evaporation) and superheating are taken place ina single tube without use of drum. In case of 
non-once through boilers only fraction of water flowing in the steam generating tubes is 


— me — ist is recirculated through the drum & evaporatin g tube. 
e of boiler; Hi d ci i i 
na | gh pressure, forced circulation, once through boiler and water tube 


Working: ; ~~ S 


{ ~ 


ron 


a i water is supplied by feed pump at a pressure higher ‘oe 225 atm. This water 
f economizer and then radiant evaporator where most of water is evaporated as 


’ 
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shown in Fig. 2.5. The Tem: 
into steam: The stéam js 


45 
‘alning wateris evaporated in convective evaporator and converted 


mover. 9°) Passed through the superheater and finally supplied to the prime 


Exhaust gases to chimney 


Hot air to 
perinrdied Cold air from 
c 
» amber 7D atmosphere 
fet 5 Y i 
Feed water OC Y 
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ri ‘eed pump 7 -Economiser 
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= 
Convective evaporator 


‘ 


Superheated ‘Superheater 
steam to ; 
prime mover 


‘ + 
Radiant evapo 


tor 


al 


: Fig. 2.5 Benson boiler’ anata eth «cea 
Advantages of Benson boiler: wy > Fitton juin ath bie seach mate 
(1) The generation of steam in evaporating tubes at pressure higher than critical pressure 
(225 atm). Therefore, do not require any evaporator drum. 
(2) There is no drum; total weight of boiler is 20 % less than other boi 
cost of boiler. fis i ¢ : 


(3) Natural circulation boiler requires exp’ 


ansion joints but it does not require in Benson 

boiler. Hence Benson boiler can be started very quickly because of welded joints. 
we Benson boiler is easier and quicker as all the parts are welde: 

(4) The erection of the i , 


Jer. Itreduicés the 


d at 
& site. superheater of Benson boiler is integral part of the forced circulation and hence no 
e 
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-. Special starting arrangement for superheater is required. See EE 
(6) At part and Aouad the Sena nl can be operated economically by mace 
temperature and pressure. The desired temperature of steamcan be maintained cons 
at any pressure. i ; ; 
(7) Benson boileris very suitable for fluctuating demand because there is no any formation 
of bubbles when demand (load) is suddenly decreased. sista 
(8) High generation rate of steam: Hence very suitable for power generation plant. 
(9) It requires less space. i 
Disadvantages: j : pd 
(1) Salt deposition and sediment on the inner surface of water tubes." 
(2) Dangerof overheating, 92203). r 
’ 
2.5 Loeffler boiler Si SOE toa deed is iene 13] 
In La-Mont and Benson boiler, the major difficulty experienced is the deposition of salt 
and sediment on the inner surface of the water tubes. This difficulty is solvedin Loeffler boiler 
by preventing the flow of water into the boiler tubes. The most of the steam is generated 
outside the tubes and in evaporating drum using parts of superheated steam coming from the 
boiler. In this boiler more steam circulation is used rather than that of water in other boiler. 
Hence, steam is heat carrying and heat absorbing medium. This boiler incorporates a radiant 
superheater which absorbs heat from combustion chamber (most heated zone of boiler). 
Type of boiler: Forced circulation, high pressure and water tube boiler. 
) Steam generating capacity: 100 tones/hours’*. ~~, ; 


Pressure: 140 bar om 
Working: ee ae S Ga i Sees tad ; 
The high pressure feed pump draws water through the economizer and deliver itinto the 

evaporating drum as shown in Fig. 2.6. An evaporator drum is outside the boiler. In the 

evaporator drum, feed water is evaporated by. mixing:superheated steam coming from 

superheater. The steam circulating pump draws saturated steam from the evaporator drum. 

Then steam passes through radiant and convective superheaters where it is heated torequired 

temperature. Steam coming from'superheater, about 1/3 of superheated steam is supplied to 

steam turbine and the remaining 2/3 superheated steam is supplied to evaporator drum to 
_ evaporate the feed water. x re tertune Ter ols ygurge ok 


st | 


é 


Advantages: : ' 
(1) The evaporator tubes in this boiler carries superheated steam, therefore. eee no 
salt deposition on the surface of tubes.:. pany olacl estat; lenagevl ¢ 

(2). Boilers are compact in design. «v3. os sige tla of 
(3) » Highsteam generating capacity. , ae Bini nities 
(4) Thisboileris suitable for marine applications, — re ps : 
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Exhaust gases to chimney 


atmosphere 


Economiser 


Convective 
Superheater 


Superheated 
steam to 
-y) prime mover, 


_Suiperheated 


steam to drum 
co @ Hot | 
Evaporating Water ; 
i. _... Fig. 2.6, Loeffler boiler” ~~ i be = 
:2.6 Schmidt-Hartmann boiler [June °12] 


This boiler having multi circuit as primary and secondary circuit which reduces the problem 
of overheating and salt deposition in the tubes. The operation of boiler is similar to an electric 
transformer, 25) i SURO OUTOgEY 2 SAT A. ORANG ‘ 

- .° "In this boiler a feed pump is used to supply water to a drum which discharged saturated 


Steam to the superheater. This main feed water (impure water) is evaporated as pressure _ 


about‘60 bar in the secondary circuit. The pure distilled water is evaporated at pressure about 

- 100 bar in the primary circuit. In this boiler energy (heat) exchanges between two fluids at 
differentpressures. ©" ~° * saad gs 

In the primary circuit steam is produced from distilled water, this steam passes through a 


submerged heating coil which is located in an evaporator drum as shown in Fig. 2.7. This high’ 


Pressure (100 bar) steam in this coil of primary circuit has a sufficient energy (heat) to generate 
steam from impure water in the evaporator drum at pressure 60 bar. The steam produced in 
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7 bine. 
: lied to the steam turl 

the evaporator drum passes through the superheater and eee ans = oo . 
Due to heat transfer from steam of primary circuit to water 0 ad ae se 
Sie up eats ipod ter Ho alee e of feed water increases to its 
give up heat to the impure feed water. Hence the temperatur 


nee tor drum. The 
i lied in the evapora 
saturation temperature. Therefore, only latent heat ® ae density difference (natural 


rae i due to 
water and steam in the primary circuit flow 1s taken place 
circulation). { 
' Exhaust gases | 
“fF _ to chimney 


Air preheater 
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{ 7 ig 
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Hot well 
Fig. 2.7 Schmidt Hartmann boiler 
Advantages : 


(1) Salt deposited in the evaporator drum due to the circulation of impure water can be 


easily brushed off just by removing the submerged coil from the drum or by blowing 


off the water, 


(2) No danger of salt deposition as well as there is no chance of interruption to the 


primary circuit. Therefore, there 
g the highly heated components of the primary 


circulation either by rust or any other material in the 
israre chance of overheating or burnin 
circuit. The highly heated parts Tun very safe through i 
out i 
(3) The wide fluctuations of load are easil ch aS 
abnormal increase in the primary pre 
the boiler. , , 
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(4) The evaporation of feed water takes place in the evaporator drum without priming 
due to moderate temperature difference across the heating coil. 


2.7 Supercritical boiler; ‘a ij [Dec. 711] 


The prime duty of power plant desi signer is toreduce the cost of electric power generation. 
The cost of power generation increases with the increase in the fuel cost. To compensate the 
rising fuel price the designers continuously try to find the ways. The most recent method to 
produce economical electric power is by the use of supercritical boiler in the thermal power 
plant. In the supercritical boiler the boiler working under pressure above critical pressure 
(221.05 bar), hence the heat transfer rates are considerably large compared to subcritical 


. (pressure < 221.05 bar) boiler. 


A subcritical boiler (conventional, boiler): consists of three heating surfaces as 
economiser, evaporator and superheater while the superctitical boiler consists only preheater 
(economiser) and superheater. Inthe conventional boiler water is heated below critical pressure, 
herice heat added to water is utilized to increase temperature of water up to their saturation 
temperature corresponding to pressure of boiler. If more heat added to this water boiling will 
begin at constant temperature. Bubbles of steam begintto form in the water and rise above the 
water level in the drum. Further ‘Heating of saturated steam, steam becomes superheated: As 
we know that pressure of water or steam is raised, the enthalpy of evaporation is reduced. At 
critical pressure (221.05 bar) the enthalpy of evaporation becomes zero. It means that if the 
water is pressurised with the help of feed pump upto critical pressure and then heat added to 
it, the water will be directly converted to. steam at the temperature of 374°C and there is no 
bubbling action as water changes to steam. ids, 

The once through boiler is only type suited to supercritical boiler because there’ isno 
latent heat of evaporation involved. When water is heated at constant supercritical pressure 
suddenly itis converted into steam. As shown in Fi g. 2.8, the high pressure (above critical 
point) water enters the tube inlets and leaves at the outlet as the superheated steam. Since, 
there is no drum, but there should be’a transition section where the water is likely to flash in 
prcer to ecoommneais the late increase in volume. 
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Feed water 


Feed pump Convective 
: ; surface. 
"” Bconomiser 
Radiant 


“surface 
Superheated,, 

steam to *~ 

prime mover 


Fig. 2:8 Supercritical boiler Aes, 


Advantages of supercritical boiler.: 
(1) Heat transfer rates are considerably large compared to eheriled boilers ; 
(2) There isno drum, less heat capacity of the : generator and hence more stable and, ieives 
better response. , 
, (3) There is no two phase mixture and hence the problem ofer erosion and corrosion are 
minimized. 
(4) The turbo-generator connected to super-critical boilers can generate peak loads by 
changing the pressure of operation. : 
(5) There is great ease of operation and their comparative mngticty and flexibility made 
them adaptable to load fluctuations. 
(6) Higher thermal efficiency (about 40 to pa of power station can be achieved with |s 
use of supercritical boiler. 
Disadvantages : 


(1) The high pressure and temperature of supercritical boiler restricts use of boiler due to 
availability of material and difficulties experienced in the turbine and condenset 
operation due to large volumes. 

(2) The additional problem is created due to the separation of solidi impurities as phase f* 
changes. These solids remain in the tubes and block the passage for the flow of feed ; 
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water. pi ; — 
Therefore it is Necessary to treat water thoroughly before supply to the boiler. 


2.8 Supercharged boiler’ °°" 


one know that when the combustion is carried out under high pressure in the 
“Sl ‘ n Chamber by supplying the compressed airthen rate of heat transfer is increased 
ee a ing Surfaces required is reduced: This theory is used in supercharged boiler.as shown ! 
inFig. 2.9... 
ri Ii ose mete (AE) nou i rE 
" Steam_, 


ni vocovh py, Exhaust gases, ionsin| + “lta i 

: to chimney k 

\id:Preheated +)" :* 
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a) OS 4 ti th 


7}: Compressor yi.) 2! riweima 4 stotoioat 


turbines. o2.5 Agni akin Dolmen ed dno sshansbas 


°""Fig. 2.9 Supercharged boiler ' 
__, The high pressure compressed air is supplied to combustion chamber. Part of heat of 
hot gases in the furnace is absorbed by boiler tubes in which water evaporated and then itis 
Stiperheated in superheater. The high pressure and temperature exhaust gases from combustion 
chamber are used to run gas turbine. The work-produces by gas turbine is used to run air’ 
compressor. The exhaust gases coming from gis turbine passes over the economizer tubes: 
en escape to the atmosphere through chimney. In the economizer; the feed water heated by 
high pressure exhaust gases: Usually pressuré of gas sideis 5 bar and pressure to'the steam’ 
side of 200 barare preferred, 8) 1) ovege 8 Mogan wee Whoa 
Advantages of supercharged boiler-s)"\ 9) (oscieghv hoy oie Bb bork: inirasacn 
©\(1)Supercharged boiler requires 30:to:-25% of heat transfer surface of conventional: 
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boiler due to very high overall heat transfer co-efficient. 
(2) Due to small heat capacity of the boiler, boiler plant gives better response to, contro]. 
(3) Rapid start of the boileris possible due to less heating surfaces and compactness. 
(4) The part of the gas turbine output can be used to drive other auxiliaries. — 
(5). Comparatively less number of operators are required. | coeediy 
Disadvantages : Itrequires tight passage for high pressure gas. 
2.9 Fluidized Bed Combustion (FBC) system 
Why FBC system ? 

As we know the price of oil and gas is continuously increasing since last decade. In 
near future, the low sulphur fuel oil and natural gas are not going to available for power | 
generation. Therefore, the world power industry is trying to shift from oil to old faithful fue] | 
coal as coal is abundant compared with oil. But, burning of pulverised coal has some problems _ 
such as particle size of coal used in pulverised firing is limited to 70-100 microns and pulverised | 
fuel fired furnaces designed to burn a particular can not be used other type of coal with same | 
efficiency. Also, the pulverised fuel fired furnace requires high generation temperature (about | 
1650°C) in the furnace. This high temperature of furnace creates number of problems like slag 
formation on superheater, evaporation of alkali metals in ash and its deposition on heat transfer | 


[June °12]. 


surfaces, formation of SO, and Ni 0 in large amount. nq | 
Fluidized bed combustion rapidly emet ged as a-viable option to pulverized coal and 
stoker fired units for the combustion of solid fuels. FBC has acapability of firing a wide range | 
of solid fuels like low grade coal (even containing 70% ash), biomass, or municipal waste with 
"varying heating value, ash content and moisture content. And hence, FBC is called fuel flexible 
system. SO, emission could be controlled from FBC units without the use of costly external 
scrubbers. In the FBC, coal can be bumedeffectively and efficiently at a temperature below | 
1100°C, therefore, SO, emission is very low: Also, due to low temperature of furnace, the 
slagging and fouling tendencies can be minimized. The FBC presents a economical and practical 


q 
i 


way to burn low quality coal with minimum, SO, and NO, emission. 
Principle of FBC System : 


Fig. 2.10 shows Principle of FBC system, the mixture of fuel (crushed coal) and in a1 
material (crushed dolomite or limestone) are fed ona distribution plate and airis supplied 
from the bottom of distribution plate, The air is supplied at high velocity so that solid particles} 


Scanned with CamScanner 


High Pressure Boilers 


Atroy of feed material remains in suspensi ae "53 
285° fluidization is dependent o, Pension condition during buming, The velocity of ait causing 


N a gi F eles 

used to, heat water flowing ra, Solid particle size, range and density. The heat produced is 
evaporator tubes are directly Tough evaporator tube and convert:water into steam. The 
burning coal particles and FE dre in the flui dized bed and direct contact between the 
theunit. . ». iis Brodie very high heat transfer rates. This reduces the size of 


Evaporator tubes. 


© Coal:+Dolomite’ ’ 


eS Oy Fig. 2.10, Basic. FBC system... is ee 
The main function of inert material (dolomite) is tocontrol bed temperature. The heat 
teleased by combustion is first used in keeping up the temperature of the inert material and the 
ibalance is absorbed by the evaporator tubes: Hence bed operates at much lower temperature 
about 800-900°C. Another function of inert material (dolomite) is to absorb the SO, and 
bring down SO, emmision level to 15% of thatin conventional firing methods. The amount of 
| NO_ produced is also réduced because of low temperaturé.of:bed and low excess air as 
-conpared to pulverized fuel firing, The inert material should be resistant toheat and disintegration 
_and should have similar density as that of coal: Lime stone; dolomite, fused alumia, sintered 
ashare commonly used as inert materials. Ite sie LOOT bs sy AX 
“oss ‘Main problems or weaknesses with conventional FB@: °°: : 
if”) —_ (1) Short residence time of fuel in bed. f 


Bs: ixi ir and fuel. BS guns 
#616°(2), Poor lateral mixing of airan ; 
idit Q Fine solid particles leaving the fumace along with the flue gases. seatt | 
ip?! +0 (4) Very difficult to remove ash and incombustible. iif sth a 

si 7 
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Treatment to overcome the above mentioned 


i jal shou 
. (1), Short residence time : Fuel and inert material ei sean 
carbon, supply more inert material than optim 


avoid feeding light solids and liquids. 
(2). Poorlateral mixing of air and fuel : Use 

introduce at more points, avoid using sm 

ae Reduce fluidizing velocity, use the higher capacity 


i icles leaving the furnace : f ng ve : 
” aoe ideas material size, avoid feedin g light particles, add recapture, 


recirculation and cyclone chamber. 
(4) Ash removal difficulty : provide a 


i Ities = f I 
ae Id be fine, recirculate the unbumt 


t, reduce the velocity of bed, 


hi ghercalcium-sulphur ratio, fue] 


air, use A : 
a ath his causes clinkering 


oky and smelly fuelsas tl 


defluidized layer at bottom of the bed, introduce 


. ] imal, 

ash slot, provide inclination to distributor plate, blow off ash. oe sane 
Advantages of FBC System: », - °: eg hs . ne 
(1) FBC system can use any type of low grade fuel including municipal wastes and} _| oy 

f y mee nt 

therefore it is a cheaper method of power generation. ; eh 

(2) Combustion temperature can be control accurately and it can low enough (800- Brin) 
900°C) to minimize volatization of ash constituents like alkali metals, otherwise alkali a 
metals may deposited on heating surfaces and furnace, and. cause fouling and corrosion ; ae 


"problems as in conventional boilers. ‘4 oe 
(3) Low combustion temperature does not allow the formation of nitrogen oxides like efficier 
nitric oxide and nitrogen dioxide. ° achiev 
(4) The addition of either dolomite (calcium-magnesium carbonate) or limestone (calcium limeste 
carbonate) produces calcium or magnesium sulphites and sulphates, as these react 
chemically with sulphur dioxide that normally results from the combustion of sulphur 
incoal. These salts are solids and remain in the combustion chamber and they don’t 
go into the atmosphere through the'chimney. Thus pollution is controlled and 
|) combustion of high sulphurcoal is possible... - lor batis f 
(5) The size of coal does not effect onthe operation and performance of FBC system! 
The particle size preferable is 6 to 13mm but even 50 mm size coal can also be used) 
‘- inthis system. Hence the cost of coal crushing is reduced. ; 
(0 [xc omensa ep ohn nb dn nr eee 
(7) Due to better heat fs : it a sae oe 
capital costs are redhings x ‘alae ney efficiencies} the unit size and hence th 
less excess air required panes <r ware coal handling system 
There is a saving of about 10% iA os eo iahisiege an maintenance cos) 
power plant, : operating Fost and 15% in the capital cost! 
Disadvantages : ; lig end nord 
(1) There may be problems in distribution of coal and dolomite. Tat 


2 ; : 
(2) The direct mechanical contact between hot fuel and evaporator tubes causes erosio" 
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Classification of FBC Wiles ee 
1. rin Li FBC boilers Systems : 
i) Classi A ; 
Ede os aiggiiae te ” overfeed or underfeed (ii) Circulation FBC boiler 
2.9.1 Atmospheric FBC boilers 
(i) Classical FBC boiler 
oe An this types of FBC boiler, the Pressure inside the bed is atmospheric. The bed 
consisting about 97% limestone or inert material and 3% burning fuel, is suspended by hot 
primary air entering the bottom of the combustion chamber. There are two types of system 
" based on the fuel feeding arrangement as underfeed and overfeed. 
|», The overfeed system is shown in Fi ig-2.11 in which the fuel and inert material (limestone) 
are introduced above the fluidized bed. The bed temperature is controlled by heat transfer 
tubes immersed in the bed and by varying the quantity of coal in the bed. The solid particles is 
leaving along with flue &ases as coal particle size decreases as result of either wearing or 
combustion. A portion of the solid Particles left from the bed are collected by acyclone 
collector down stream of the Convection pass and retumed to the bed to improve combustion 
efficiency. The secondary air is added above the bed to improve combustion efficiency and 
achieve staged combustion thus reducing NO, emmisions. In case of underfeed fuel and 
limestone are introduced from bottom‘of the fluidized bed. ; 


Superheater 


Evaporator — Superheated steam 


ane Mester Flue gases out 
Economiser 

° : i _ Air’ 

2m. Flue gases preheater: 

sed 


Blower 


Cyclone 
» collector 


Hot primary air in sa hueehie eed 
Fig, 2.11 Classical. FBC system, 


tne ti — , simple in operation and economical in running but Tesults in 
le 


2 d gives poor desulphurization performance. Under feed system 
8 areaand p : j 
oo ns mont anda compact design but costly in operation. 
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The main disadvantage using the classical FBC is that incombustible particles (ash and 
Metals) of fuel are came downwards and block the distributor when light materi als like wood 


dust, agricultural waste etc. are used asa fuel. ici al \ 


(ii) Circulation FBC boiler 

’ The main disadvantage of classical FBC is to block the distributor. To overcome this 
difficulty, a group of engineers during 1968-70 suggested the modifications to the simple FBC — 
as (a) provide nonuniform fluidizing velocities over the bed, (b) provide slope to one of the 
FBC walls over the bed to contain light particles, and (c) provide sloping distributor plate to 
givean air slide particles. Due to these suggestions thereis significant improvement and allowed. 
to use light materials as fuels most successfully. Light materials were burned within the bed and 
heavy incombustibles (ash and metals) gathered at the bottom of the sloping distributor. | 
Fig. 2.12 shows commercial circulation FBC system. The solid fuel enters the fur 

from the side of walls. The low velocity (LV), medium velocity (MV )and high velocity 
air supplied at different points along the sloping surface of the distributor plate. The secondat 
airis sees over the bed. The ash port is provided at lower end of the dist 


To boiler 


Light materials 


Startup 


@— burner: | i 
Solid fuel ‘Deflector wall. + 


Sloping 
distributor 


velocity ~ Medium : 
Air. velocity ~~ High 
ae . Air velocity H 
._ Air Air; q 
upely |! Ash 


ri } \ : 
Fig. 2.12 Commercial circulation FBC. 
Advantages of circulation FBC system : 
(1) Burning is efficient due to high lateral turbulence. 
(2) Very less solid particle left the furnace along with flue gases. 


(3) Due to higher combustion velocities greater fuel enters pee unit cross-sectional area i 
possible, : 


SRE FRAE BE 


\ ) 
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~"(4) Highercombustion efficiency is possible - ok 


a rebels NO, emissions are Possible, 
5 Ne Pheer ofash and uncornbustible 
(8) The st of oe stroker, under bed feeds 
er j . 
dive: Et See Sa can be burned are PVC, Wax cartons, waste papers, wood 
2.9.2 Pressuri » polyamides, tyre rubber, agricultural waste, coals or oils etc. : 
= urized FBC boiler [Dec. 711] 
In this syste Ete ; ec. 
uatersiesdies in ‘te neal airis used for fluidization and combustion. The air is supplied 
Pproximately with help of an air compressor as shown in Fig. 2.13. 


oe 


: (Cyclone:: Dust. |: ;: Exhaust gases’ 
Flue gases _ collector collector 


». Atm. air in 


AIMONO I (y 


Compressor 


Free board . 


" tube bundle 


a Compressed air. . 
“tube bundle Ps y ; ae 
BRUBOU Ale oY Coal’ ‘Limestone 
". Immersed waevasné 
8: 
i= 
=) 


Distributor 
(9 <o8 plate“ /Ash| 


it 


+ Fig, 2.13 Pressurized FBC boiler 


In ihistype.of the system, boiler exit gas contain enough energy about temperature 850 to 
900°C to drive a gas turbine. The power output of gas turbine is utilized to run the air compressor 
| the electric generator. The product of combustion have to be sufficient clean for gas 
turbine to accept without excessive erosion, corrosion or fouling of the turbine. Hence, the flue 
ni along with unburnt carbon leaving the combustion chamber are passed through a cyclone 
gi nere the unburned carbon particles are superheated from the gas due to centrifugal 
separator Ww rasrgixtats separated carbon particles are returned to fluidized bed to complete 
action from th . The flue gases from cyclone separator are now passed through a dust collector. 
Tl - peration of gas turbine with the boiler steam turbine provides an efficient 
isc 


combined cycle operation. 
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Advantages of pressurized FBC boiler : 
(1) High rate of coal loading i possible. 
i ing is achieved. aa ye ) 
@) aeons volume of furnace is required, hence plant size is reduced. 
(4) Improved desulphurization and low NOx emission. 
(5) High steam generation rate is possible. 
(6) Considerable reduction in cost. 
Disadvantages : ‘: 
(1) Itis difficult to control. 
(2) Plant life is low. ° 


2.10 Heating surface and their location in the boiler 


i it consists of following heating surfaces: - ; ; 
ge eine (Radiant & Coneaive) (i) Superheater, (iii) Reheater, (iv) Economiser 
and (v) Air preheater. Mo, r 
‘The location of heat transfer surfaces in the boiler is very important. The proper location 
of heating surfaces reduces the size and cost of steam generation. Generally the boiler furnace 
layout divided in three zone as per mode of heat transfer and temperature. me 

Zone-I Radiation zone : In this zone, the flame is diffused yellow flame. This flame 

radiates much more energy compared to flames‘in proceeding zone. Hence, radiant heating 

surface must be place in this zone'as shown’in Fig. 2.14. The radiant evaporator is most 

suitable component to be located in zone-I. Since, the evaporator always offer lower metal 

surface temperatures and hence furnace size can be reduced. As the burned gases move 

upward and secondary air added, the effect of radiation is reduced and convection becomes 

predominates the flame change from diffused to premixed. Therefore, the ‘space at end of 

zone-l is may be used for convective evaporator. In this-space heat transfer takes:place by p 

convection as well as radiation. About 50% of the total heat generated by furnace is absorbed 
in the radiation zone-I. or: ; 7 

Zone II High temperature convection zone : In this zone, heat transfer takes place — 

: mainly by convection. This zone is high temperature zone. Superheater.elements are more 

expensive than evaporator because of their high metal surface temperature. It is desirable to 

locate the superheater in zone-II to reduce its total surface area requirement. Hence, high 


temperature convection zone (zone ID) is hi ghly preferable to locate the superheater and reheater, 
About 40 to 45% of heat generated by furnace is absorbed in this zone. nee 
Zone-III Low temperature convection zone : In this zone, also heat transfer takes 


place by convection. The gas temperature in this zone is relati 
y vely low, hence zone-III 
appropriate and economical for locating the heat recovery units | i 

Ty units like ec ir-prehi 
About 4 to 10% of heat generated by furnace is absorbed in sari nae avs 


is more 
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Fig. 2.14 Heating surface of boiler 
2.11 Superheaters Sr 


4 1St ; “ } - 


Function : The function of superheater in the thermal power plant is to remove the last traces 
of moisture from the saturated steam coming out of boiler and to increase its temperature 
sufficiently above saturation temperature as per requirement at inlet of steam turbine. 
The steam produced in the boiler is nearly saturated. This steam as such as should not 
be used in the steam turbine because the dryness fraction of the steam leaving boiler will be 
_ Jow. This results in the presence of moisture which causes corrosion and erosion of turbine 
blades. . 15 ahi : 
Advantages of superheated steam: 53s)’ af enya 
(1) Thesteamturbineefficiency increased by approximately 2% of each percent of moisture 
removed and superheating reduces the percentage cut off in steam turbine, therefore 
steam consumption per unit power output is reduced. releere %\ 
(2). The superheating increases overall cycle efficiency as well as avoids to much 
condensation in the last stages of turbine which reduces the blade erosion and corrosion, 
(3) Supetheated steam hasa higher heat content and hence capacity to workis increased, 
"Hence an economy in steam consumption in steam turbine is achieved. 
Superheaters consists of groups of tubes made of steel (carbon steel for steam 
temperature upto 510°C; carbon molybdenum steel for steam temperature upto 570 C, and 
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stainless steel for steam temperature upto 650°C) with an outside diameter ea ten 
cmto6.4cm. The metal used for superheater must have high temperature pe = . a 
strength and high resistance to oxidation. The superheater tubes are heated by the ose Las 
gases during their passage from the furnace to chimney. Heat from hot gases to the ste: ro 
superheater is transfer at high temperatures. Therefore, primary section of super! sane 
arranged in counterflow and secondary section in parallel flow to reduce the tempt 
stressing of the tube wall. pit ps 

i erheater : | : ' . 
ek ee power plant, the combustion temperature is hi igher than the jee 
temperature of ash. Therefore, there is tendency of the ash to collect in fae ‘Se on te 
superheater tubes and this is known as slagging of superheater. The problem of slagging 
superheater can be minimized or eliminated by following methods as : . 

“(1) Place radiant superheater as possible as close to furnace. =~ fc 

(2) Provide bank of water filled tubes in front of convective superheater to restrict radiation 

heat transfer as well as to limit slag accumulation on the convective superheater. 

(3) Utilize combined convection - radiation superheater. “if naibas 
Classification of superheaters : ‘ Sa eae “- TJan. 2013] 
1. Based on mode of heat transfer ‘ ‘ 

(a) Convective superheater 

(b) Radiant superheater ~~ SS AHA 

(c) Combined convective and radiant superheater (Pendant superheater) 
2. Based on their position in the furnace with respect to water tubes 

®-""(@) Overdeck superheater 3 bares 
*(b) Innerdeck superheater 

(c) Inner tube superheater © “20° PS eae 

‘(@) Inner bank superheater © 0 

Convective superheaters [June, 2011] ate located in the convective zone of the 
furnace usually before economizer. The convective superheater absorbs heat from flue gases 
through convection. The convective superheater gives rising characteristics i.e. the temperature 
of superheat increases with the increase in steam output as shown in Fig. 2.15 because with — 
the increase the steam output both gas flow over superheater tubes and steam flow inside the 
tubes increase which causes increase in heat transfer tate and mean temperature difference. — 
Radiant superheater (June, 2011] is located in the furnace between the furnace 
walls (radiant zone). It absorbs heat from buming fuel through radiation‘The radiant superheater 


has two main disadvantages as it may get overheated due to high temperature of furnace and 


ithas a droping characteristicsi.e. the temperature of supetheat falls with the increase in steam 


output as shown in Fig. 2.15, because with the increase in steam output; the fumace temperature 
2 ins rs : sig ei a bled steam output. Since radiant heat transfer is function of furnace — 
re the heat transfer increases slowly with steam ‘ 
ee y flow or the'steam temperature 


0 it 


Pe 
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Combined : ua) jet ae . 
superheater ae 


Convective 
; Superheater ie 


Radiant 
superheater 


Steam temperature- F 


20 «28s 40." 60 80 100!) 
* Steam flow (%) or boiler rating” 
Fig. 2.15 Effect of load (steam output) on. superheater temperature 
Acombined type of radiant and convection’ (Pendant) superheater i is shown in Fig. 
2.16. Both radiant and convective Superheaters.a are jbrranged i in series in the path of flue gases. 


Superheated 
steam 


Boiler 
drum 


steam+water 


Hot water 


ti 
{ 


So 


re 


Fig. 2. 16 Combined or pendant ‘superheater | 


Radiant superheater receives heat from the flue gases by radiation and convective superheater 
receives heat by convection. About 3/4th of convective surface is made counter flow while the 
remaining 1/4th is parallel flow: If the entire coils are counterflow then exit end of the supetheater 
Coil will be subjected maximum temperature difference (outside maximum temperature of gas ° 
and inside maximum temperature of steam). Hence, parallel flow exit end of superheater 
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protect against overheating and metal failure. : cn 

~ Incase of inner deck superheater, superheater 1s placed between the at . 
tubes as shown in Fig. 2.17(a), while in overdeck type, the superheater isp. ni eit matte 
evaporator tubes as shown in Fig. 2. 17(b). Inthe both cases , the heat receives th es The waiver 
by convection. The innerdeck superheater also receives some heat by A ene Ft et 
tube superheaters are placed between the two evaporator tubes as shown in Fig. 2. ‘ se ; 
inner bank superheater, the bank of superheater tubes place between the evaporator tu S 
shown in Fig. 2.18(b). & 

Superheated steam 


ae Z Superheater a8 
Fig. 2.17(a) Innerdeck’superheater i eS 


~* ‘Superheated steam™* ~~) } | 


Fine Superheater 
Fig. 2.17(b) Overdeck superheater |: , ; : * iin i 
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Superheated steam yuh 


Boiler 
drum 


/ Inner tube. i { 
Superheater Evaporator 
{ ; tubes: 


i ayrel gatas! Fig. '2.18(a) Inner tube superheater 


or = Superheated steam. 


Superheater : 


; Fig. 2.18(b): Inner. bank-superheater 
2.12 Reheaters cont on aed 
Function ? The function of the re-heaters is to resuperheat the partly expanded steam from the 
turbine. This is done so that the steam remains dry as far as possible through the last stage of 
the turbine. i ; : , . 
The reheater is generally located before or aftet the convective superheater in the 
convective zone of utility boilers. In modern high pressure boilers, reheaters are generally in 
two sections. The primary section is placed in the convective zone and secondary, section is 
placed just at the furnace exit hanging from the top. The design consideration for reheaters are 
similar. to those fot superheaters. It having same output temperatures but steam pressures are 
about20-25% of those in superheaters. Hence lower grade steel alloy can be used for reheaters. 
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2.13 Economizers 


Function : The economizer is a heat exchanger used to preheat the feed water using the hot 
gases leaving the boiler. be asi Cage wae 7 
When the combustion gases leave the boiler after giving most of their heat to evaporator 
tubes, superheater tubes'and reheater tubes, they still posses lot of heat which if not recovered 
by means of some devices would go waste. The economizer is one of such heat recovering 
device in which the temperature of feed water is increases by means of outgoing flue gases 
before feed water is supplied to boiler drums. a j 
Advantages of economizers : oe ; “ 
(1) Itimproves the boiler efficiency. Ithas been found that about 1% efficiency of boiler 
isincreased by increasing temperature of feed water by 6 C with help of economiser. 
(2) Itreduces the losses of heat with the flue gases. The temperature of flue gases is 
about 370°C to 540°C at exit of last superheater or.reheater, having large amount of 
heat energy which otherwise would have been wasted. 
(3) Itreduces the consumption of fuel. It has been éstimated that about 1% of fuel costs 
can be saved forevery 6 Crise in temperature of the boiler feed water. 
(4) Itreduces thermal stresses in the boiler due to reduced temperature differential in the 
boiler. j Re annie techn actoeorl Ne = 
Economizer consists of series of steel tubes through which the feed water flow as 
shown in Fig. 2.19. The combustion gases pass over the tube and Convective heat transfer 
taken place to feed water. Economizers may be parallel flow or cotinterflow, when the gas 
“Flue gases out {| A 
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irhetie Fig. 2,19 Economizer 
flow and water flow are in same direction the ¢ i lke x 

1 he economizer are called paral i 
counter flow the gas flow and water flow in the Opposite direction. A iii serena : 
isnormally selected so that heating surface requireme: ea 


ntiskept minimum for th perature 
. i 
drop in flue gas. Economizer tubes are made of steel either smooth or Mois. fins to 


oyertet 
EtG 


isstion oT 


Scanned with CamScanner 


High Pressure Boilers 
increase heat transfer Surfac: 
diameter and coils are ingtgy 

The temperature of 


‘ 65 


© area. Economizer tubes are generally 45 to 70 mmin outside 
he at a pitch of 45 to 50 mm spacings. ; 
moisture from the flue gases ee water entering the economizer should be high enough so that 
sO, and CO, from the flue €s not condense on the economizer tubes which may be absorb 
temperature at inlet of pum, oe and form acid to corrode the tubes. Also the feed water 
onthe suction side of pum Pp i be less than 85°C. Since there is a slight negative pressure 
pegin to form and boiler ei temperature of feed water is greater than 85°C steam bubbles 
flow stops. Therefore, pum i will bot be able to pump mixture of steam and water and 
maximum temperatu ” Pump always place before the economizer as shown in Fig. 2.20. The 
i re to which the feed water can be heated in the economizer is 25°C below 
palirelioemternperaute Corresponding the pressure. : 


Hot well 


Feed water 
“ to boiler 


Feed pump 
; Ly Fig. 2.20 Correct Position of economizer & pump 

Classification of economizers:-. foie geld BSN alte 

,L.Based on construction vie 
(i) Plain tube type economizers 
(ii) Gilled tube type economizers~ 

2. Based on part of steam generation 
(i) Steaming type economizers 
(ii) Non-steaming type economizers 

3:Based on location of economizers~. = 
(i) Independent economizers ~.: 
(ji) Integral economizers as 
Plain tube type economizer ::In this economizer, the group of tubes are made of 

cast iron to resist corrosive action of flue gases. The ends of tubes are pressed into top and 


bottom headers. The feed water is distributed along the section by branched pipe coupled to 
5, The economizer is located in the main flue between the boiler and the 
omizer tubes and heat is transferred to the 


the bottom header 0 
chimney. The waste flue gases flow outside the econ! 


feed water flowing inside the tubes. 4 | 
The external surface of tubesis kept clean and free from soot by soot scrapers moving 


uy and down the economizer tubes. Otherwise heat transfer resistance is increase and efficiency 
: a economizer decreased. Every economizer is provided with a safety valve, a drain valve and 


PE16 6 


Scanned with CamScanner 


Beanscame 


Co ee 


Power Plant Engineeri 
66 - Fi 1 Ki 
G cashire boiler wor 
air release valve. These types of economizer.are generally used in epee 
under natural draught. , ; 
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water out 
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Fig. 2.21 Plain tube type economizer 
Gilled tube type economizer : In this economizer, casting rectangular gills are provided 


on the bare tube walls. Hence, heat transfer surfaces are provided on the bare tube Walls. 


Therefore, heat transfer surface are increased and size of economizer is reduced. ‘Cast iron 

gilled tube economizers can be used upto 50 bar working pressure. At higher pressures (> 50 

bar) steel tubes are used instead of cast iron but cast iron gilled sleeves are shrunk to them. ~ 
Flue gases out ( bow dd 
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with gills/ fing |: 
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Fig. 2.22 Gilled tube type economizer iy WGK 
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nt economizer. While integral economizer's installed close to the 
; boiler. : i 


" 2.14 Air pre-heaters Paty 
Function : The air preheaters are employed to récover the heat from the flue gases and this 
tity heat is utillized to increased the temperature of air before it supply tothe furnace. — 
1 th, An air preheater is placed between the economizer and the chimney and it extracts 
* | heat from the flue gases and transfers to air which is entering the furnace. The portion of the 
heat that otherwise would pass up the chimney to waste. | - 
Advantage of pre-heating the air : 7 : P 
Feeq (1) It increases the temperature of the furnace gases, improves combustion rates and 
Water in ‘__. combustion efficiency. SD’, ; . 
(2) Air preheater extracts heat from the flue gases, and lowers stack temperatures thus 
Te Drovidl ao & 4 
Ube wall--«; 8) : ig of poor grades of fuel thus permitting:a 
|, Castin) yy fi Feduction in excess air. , : . i 


sures (> /  @) It increases steam generating capacity per unit m2 of boiler. 
“to then (5) Increased thermal efficiency of plant and savin gof fuel. ° 
(6) Incase of pulverised coal combustion hot air can be used to dry coal, to transport 
pulverized coal to burners and to. accelerate.combustion, 
Types of air preheaters : eget ae 
(1) Recuperative type : (i) Plate type (ii) “Tubular type 
(2) Regenerative type : Ogee 
(1) Recuperative type air preheaters 


j 
In recuperative type of air preheaters, the two fluids (air and flue gases) are separated 
constantly on one side and other fluid (flue 


surface. ; ;; 


ey 


ter in 


by heat transfer surface; one fluid (air) flowing 
Bases) on other side of the surface. |. | | ‘ine 
Recuperative type of air prehéateris further, classified as tubular type and plate type. 
Tubular air preheater : It consists of a large number of tubes rolled into sheets as 
shown in Fig. 2.23. The flue gases flow through tubes and air is passed over the outer surface 
- ut of the tubes in a direction opposite to that of flue gases flow. The heat transfer takes place from 
ins flue gases to air to be supplied to the furnace. The horizontal baffles are provided to increase 
time of contact which will help for higher heat transfer. A soot hopperis fitted to the bottom of 
air heater casing to collect soot. The.diameter.and height of. tubes are commonly used for 6 to 
8cm and3 to 10 m respectively. 
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H Nl | | air out F 
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H | 
Hy 
H 
H 
¢ 
4 
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H 
4 
Flue gases 
to chimney 


Fig. 2.23: Tubular air preheater 


Plate type air preheater : It consists of rectangular flat plates spaced from 1.25 cm 

‘to2.5 cm apart formed alternate flue gases and air passages as shown in Fig. 2.24. This type 
of air preheater is more expensive for installation and maintenance compared to tubular type 
hence it is not used in medem power plants. é, 


Heated — 
sair out 


ca ; | | Atmospheric 
: ; i * airin 


Fig. 2.24 Plate type air preheater 
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Regenerative type 
js alternately expose 
matrix in the first half of the cyc 
half of the cycle when air flows 
cycle is repeated. The heat trans; 
of regenerative air preheate: 


has been divided into two comp: 
from one compartment to the ot! 
of 3-4 rpm. As the rotor rotates. 
rotor sheets are heated by the flu 
inair zone. ‘ 


Heating 
surfaces 


ype 


power plants, 


(2 Regenerative air Preheaters - - } 


air preheat 
0 the hot and 


number of sectors (12 to 24 secto: 
corrugated. These sheets form th 


Rotation); pyagen 
Flue gases out <(—] (\ : — Fiuclaiass ina 
cone SNe a 
if Atmosph etc \ J] s 


Fig. 2.25 Regenerative type (Ljungstrom) air preheater. 
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er has a energy storage medium called the matrix which 
cold fluids. When the hot flue gases flow through the 
le the matrix gets heated and the flue gases cooled. In the next 
through the matrix air gets heated and matrix is cooled. The 
fer from flue gases to air is thus periodic. There are two types 


TS as stati F : A 
irpreheater. tationary regenerative air preheater and rotary regenerative 


A rotary Tegenerative aj 
preheater, which consists of a 


T preheater is shown in Fig. 2.25 called Ljungstrom air 
otor driven by an electric motor. The rotor divided into a 
Ts), each sector being fixed with steel sheets; either flat or 
heat transfer surfaces. The rotor is placed in a drum which 
artments, air and flue gases compartments. To avoid leakage ~’ 
her seals are provided, The rotor rotates at a very slow speed 
, italternately passes through flue gases and air zones. The 
€ gases in their zone and transfer this héat to air when they are 


Vig 


Heated 


The regenerative type air preheater are compact, ave less. weight, occupy less space 
and provide enormous amount of heat transfer surface an 


are therefore widely used in steam 
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Comparison between recupérator and regener: 


'- Recuperator air preheater 


(1): In this heat exchanger two fluids are ‘ 
.. Separated by heat transfer surface. There: 
_»,-48 continuously heat-transfer 
OV ETOITINOT fis ht DTA TS DUP Te SF 
sme’ balles AL-0 Al al ovo 
Static construction, there is only nominal»: 
leakage through joints. peek sints 


\ 


(2) 


(3). It requires more space compared to}; 
, Tegenerative type air preheater, : 
(4) Less pressure drops for both-air.and 3)... 
flue gases. 
(5) It does not required power since there is 
no any rotating parts..." 
(6) Thecleaning the surface is difficult. _ 
(7) Itbecomes very large as boiler capacity 
increases. Hence, for large power plant \, 
large size air preheater Tequired, : 
(8) Forlarge power plant comparatively ~. os 


more investment and operating cost...“ 


(9) Scale depositions reduces heat transfer : 
~_and effectiveness of air preheaters 


takes place... - 


sear eecy 


sq atthe moving surfaces is high. ene 
»(3): Large heat transfer surfaces being 


Power Plant Engineeri + 
ative air pre-heaters =’ 


Regenerative airpreheater 


(1) In this heat exchangercold fluid and hot 
fluid alternately occupy same surface,'" 
There is discontinuously heat transfer : 

takes place. Firsthalfitime of cycle: 
surface heated by gas and remain half 

‘cycle samesurface cooled by air. 

(2): Heat transfer surfaces are rotated, hence 

leakage through sealing arrangement if 


jos 


tng 


accommiodated in a'small volume." 
Hence it is very compact air preheater. 
:(4)) Large pressure drops for both air and” 
flue gases. : zs , 
(5) Itneeds power to rotate the matrix 
/ rotor. esetdis cae 4 
(6) The cleaning the surface is not difficult,” 
(8) , Itis very economically used forhigh 
capacity boilers.and plants. ,. 


(8). For large power plant comparatively 
.. minimum initial and operating costs. 
(9) Scale deposition does not reduce the 
. ‘heat transfer. ; 


2.15 Steam temperature or supérheat control [May 13, Dec. "11, June °11] 


As we know that a reduction in steam temperature results in loss in plant efficiency. On 
other hand, arise in steam temperature above design value may result in overheating and 
failure of superheater and reheater tubes and turbine blades. Hence an accurate control of 
superheat temperature is important for efficient power plant operation. The main variable 
affecting superheat temperature are as furnace temperature, mass flow rate of flue gas 
cleanliness of heating surfaces (supérheaters) and variation of load on the plant. Out oft 
effect of load variation on superheat temperature is most important. The supetheat of g 

can be controlled by following methods. ‘ust| tepel ted i “om 
(1) Combined radiant - convectiye superheaters : As we know load increases; the he 

transferin the radiant superheater decreases and heat transfer in convective superheater incre 

as shown in Fig. 2.16. To keep the temperature constant, radiant and convective supe e: 
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and), Supetheated steal 
im 

UTFacg ‘Nt 
ansfa, 5 
Yele 
iin h 
. ale 
i Convective 

hen, Superheater 

Cg 
Men Radiant 
Superheater 
ag Fi a 
ig. 2. i 
le, 2) Des ‘ 8. 2.26 Radiant and Convective superheater in series 
u i Ae 

heate, 4 Be Ao Het attemperation [June 711] : The temperature of steam is reduced 
irang | Tgy Irom the steam and is known as attemperation. A spray type attemperator 


as he Fig. 2.27(a) is called desuperheater in which low temperature water (from feed 
ee water) is injected into Pipe carrying steam. This causes to vaporise water, absorbs heat from 
the steam and reduces temperature of steam. ee 


Ficut, Desuperheater 
bi ‘Superheated 
’ Steam } 
tely ‘ 45 
ts. 3 
- ‘swe fico 
—|~ theater 
sections |“ 
°11] Salen {I oe 
y. On Fig. 2,27{a) Desuperheating 


nes | drum is circulated. Th water Cc 
2a | and finally, boiled water remixes with the prim 


superheater. oe ae 
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Heat exchanger 
(attemperator) 


nee LA] 
sc aca ar Supetented 


ms. Steam 


_ Primary | , Secondary. .: 
’ superheater eles 


2) 
‘Fig. 2.27(b) Attemperation : 


(3) Pre-condensing the steam : The temperature of the steam can be controlled by 


condensing the steam coming out of boiler with a small condenser with the help of feed water 
as shown in Fig. 2.28. Automatic control regulates the amount of feed water by- -passed. 

(4) By-passing the furnace gas around the superheater : If the flow of flue gases through 
convective superheater is reduced without changing the steam flow then the final steam 
temperature will be reduced. As shown in Fig. 2.29 at lower load on the plant, the part of 


gases by pass without passing around convective superheater with help of capes the 


temperature of steamisreduced. | 


(5) Gas recirculation : The flue gases coming out ofé economizeris partly recirculatedinto : 


furnace with the help of fan as shown in Fig. 2. 30. Therefore, the furnace temperature is 


reduced but mass flow rate of gases increases, resulting more heat transfer takes place in — 


convective superheater. Hence temperature of superheat i is increased: 


Condenser;.., 


‘Boiler 
drum 


Fig. 2.28 Pre-condensing the steam 
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Gases 
to stack 


_ Recirculating gas 


ate 


Fig. 2.29 By pass control Fig. 2.30 Gas recirculation 


lled hy (6) Tilting burners in the furnace : The temperature of the steam can be control by changing 
Ivay}_ heat absorption through superheaters and evaporator tubes. As shown in Fig. 2.31 by tilting 
d the burner downward in a furnace, more heat of the gases available around the evaporator 
toug tube and less heat available at superheater, hence temperature of superheated steam is reduced. 
stean Ifthe bumer is tumed upward more heat of flue gases available at superheater, hence temperature 
ratte of steam is increased. ber ‘ wha 

wrth (7) Auxiliary burners : The temperature of steam can be controlled by using additional 


burner as shown in Fig. 2.32, effect of this similar to tilting burner. : i 
(8) Twin furnace : The twin furnace arrangement as shown in Fi ig. 2.33 is an extension of 

the separately fired superheater. The superheat temperature can be control by changing rate of 

firing..: ‘ dear 9d “one i Ts ) 


Fig. 2.31 Tilting burner. He St be Fig. 2.32 Auxiliary burner 


Scanned with CamScanner 


Power Plant Engineering ~ 
74 = 


Fig. 2.33 Twin furnace 


est 1 ’ 
2.16 Corrosion in boilers and its prevention.» ».: [Dec. °13, Dec. 711] 


’ Corrosion is the destructive conversion of métal into oxides or salts. Simply, corrosion 
means the loss of materials, Corrosion may occur in the boiler shell, evaporating tubes, 
superheater, economiser, air preheaters, Corrosion occurs in inner surface of boiler tubes due 
to acidity present in water.'Corrosion takes place on external surface (gas side) of tubes due 
to coal ash. Corrosion in power plant equipment produces pits, grooves and cracks ora 
general wastage of the wall material. Allowed to continue, corrosion ultimately makes metal 
parts fail. © my 
(1) Corrosion at inner surfaces (water/steam side)» = > om 

© The corrosion is caused by (i) an acid or low pH value in water and (ii) the presence of 
0,, CO, or chlorides dissolved in feed water. The presence of O, is mostly responsible for 
corrosion among other factors. Oxygen generally enters a closed system through make up 
condenser leakage and condensate pump packings. The CO,, is next to O, which is responsible 
for corrosion, it comes out of bicarbonates on heating and it combines with water to form 
weak acid known as carbonic acid. This acid slowly reacts with iron and other metals to form 
their bicarbonates. The new bicarbonates of metals formed a decomposed by heat once more 


and CO, again combines with water to form carbonic.acid and the cycle is repeated. 


Methods of inner surface corrosion preventions: . 
(1) Dissolved oxygen can be remoyed by balanced amount of scavengers like hydrazine 
sodium sulphite is used to provide total protection against inside pitting of tubes. 
(2) A proper designed deaerator combined with water treatment plant may be used to 
remove the dissolved O,, and CO,. { 
(3) The effect of CO, is neutralized b ‘th iti nef i 
y ized by the addition of ammonia for neutralizing amines in 
water, It is also necessary to lower the PH value of water," > : 
(4) The effect of acid is neutralized by the addition of alkali salts in water, 
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(5) Gabon dioxide (CO,) can be removed by adding balanced quantity of ammonium 
ydroxide in the water. It reacts with CO, and form ammonium carbonate and water. 
(6) The corrosion of met; 


3 al surfaces can be prevented by applying protective coating of 
ae amines to the internal surfaces of boilers tubes. 


Trosion at external surfaces (flue gases side) : 

The external corrosion coal fired boiler is mainly caused by coal ash. The outer 
S Of the tube are subjected to:ash corrosion when the temperature range is between 
to 710°C. Alkali: sulphates which are formed at high temperature in vapour form, 
ts on tube surfaces and corrosion starts, This type of corrosion reduces tube walls to 


surface, 
540°C 
deposi 


_ Such an extent that metal ruptures under the working pressure. Certain coals produces liquid 


ash compounds which are very corrosive to all conventional boiler materials. The external 
Corrosion generally depends on ash properties, rate of ash deposition, tube surface temperature 
and chromium percentage in the tube material. ; 

; External corrosion in the superheaters and reheaters of coal fired unit is duc tocoal 
ash. In coal ash corrosion the low melting species would be sodium or potassium iron trisulphates. 
[Na3Fe(SO,), or K;Fe(SO,)]. High temperature (about 550°C) of superheater and reheaters 
favour the formation of these low-melting compounds: The corrosion rate in coal ash corrosion 
between 600°C to 680°Cis very high. In this temperature range Na;SO, or K,SO, reacts 
with surface oxides in the presence of SO, to formcomplex liqiid sulphates [Na,Fe(SO,), 
or K3Fe(SO,)3] that result in rapid corrosion. These corrosion is known as high temperature 
corrosion: ‘ 

__ External corrosion of the economizer tubesis very serious when high sulphur content 
wet fuels are used in the boiler furnace as the chances of forming H,SO, are more. External 
corrosion also occurs if flue gases Contains water vapour, which condenses at the tube surfaces. 
Sulphurous acid is formed when SO, ‘is dissolved in free moisture in the flue gases, sulphur, 
trioxide may combine with superheated water vapour to form H,SO, at the acid dew point. 
This reaction normally occurs betweén“115°C to 140°C.’ Hence minimum ‘feed water 


temperature passing through economizer should be higher than this range of dew point of acid. 


Hence this corrosion is known:as low temperature corrosion. : 

The external corrosion of air preheater is similar to that of economizer. However, the 
temperature of air passing through air preheater is less than the acid dew point temperature 
then the acid corrosion is more serious than economizer. \ . 
External corrosion preventions : i ae ee 

(1) Toavoid corrosion of the air preheater, the flue gases should not be cooled below 
the dew point of corrosion species. This can be achieved by passing some air around 
the preheaters or by recirculating air from the preheater outlet to the forced draught 
fan inlet. 

(2) The deposits of scale and soot should be regularly removed from external surfaces 
of economizer, superheater, evaporator tubes, air preheaters, reheaters etc, 

(4) Ifthe low inlet temperature of the feed water is the cause of low temperature corrosion, 
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itcan be corrected by heating the water with the i of steam from the boiler in the 
shell and tube heat exchanger. 

(5). Iflowsulphurcoal is used oe chances of carrying sittphule trioxide with the -inaad 

' - are less then there is possibility to use low temperature of feed water at ais with an 

adequate margin is held above the acid dew point. 

(6)_, The high temperature corrosion problem can be solved by using col having a 
favorable characteristics, providing stainless steel tube shields, and replacing the 
damaged tubes with tubes anon high chromium content. 


Given data: m, = 5600 kgihr, m= 650kg/hr, . 
C.V. = 31500 k/kg, p= 14 bar, r=0.95.\ >< 


e, = 30°C, te, = 120°C, Top = 50°C. 
= 4.1868 ki/kg K, Cos = 23 ki i v2 eon et : 
peti 2 n=?, m=? i ett tots 


From steam table, at pressure p= .14 bar 


hip = 830.07 kllkg, hg = 2787.8 klk, T, = =195.040C. 
ny tim nt, E BE NAS 
lor lip tA, Be). lyon eit 


eemomesien 830.07)" ong 
= 2689.91 kilkg ee 
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a PES ie on ome Heat utilized 
t.2 =120°C}------------ Heat utilized in Superheater 


1%) 
\/ ineconomizer eabee ee 
=30°C f-----= | ! PPLE Ey 1 
t,; =30°C I ' Heat utilized t 1 
1 i ‘ ' 


7, Asie 
Fig. 2.34 T-h ‘irri for steam formation 
Enthalpy of steam leaving superheater 
Aeyp wg Coe, sup ~T;) Ate 
= 2689.91 + 2.3 (250 - 195. 04). «. 
= 2816.32 kKJ/KG. 
Enthalpy of feed water entering the pig ee ‘Leer 


hy =C, w Xt = 4:1868%30 = 125.60 kulke is 
Paste pg ed oe eoviethecresieeh eda oes 

hy, =O, w Xb, = 4.1868x120 = = 502.42 kulkg 
Hieat of fuet uilizedin sooiiniiet otinoeas adits aio 

OQ, =m, Os | nu ae i 3 “que g i 


el 
rt My 


= 5600 x (502. 4- 125 “aly = = 2110. 1.199510 kulhr 
Heat of fuel utilizedinboiler «gy. es COL SS) Ue 


Q, =m, (hy —hy ) a 


| = 5600 x (2689.91 ~ 502. 42) = = 12249, 944x102 kath 
Heat of fuel utilized in superheater 


Qsup =m s Asup hy) . 
1 = 5600(2816.32 ~ 2689.91), = 707.896 x103.kU/hr sy 


? 7 ; 
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Total heat Supplied to plant by fuel 
=m (CV) = 650x31500 = 20475103 K/h 
(1) % or heat of fuel utilized in economiser oe r 
= 2 109 = 20.1810" 09 = =103% |sogere co AM 
Or 20475 «103 oe Rg 
% or heat of fuel nite boiler ee j:D°0Es ta 


ae "12249,944103 x<100 = 59.83% 


OQ; “20475 x10? - 


% or heat of fuel utilized in superheater 


3 ead 
ae ee enapsxig) x100 = 345% - 
Q; 20475 x 


% of Total heat of fuel utilized + (10: 3 + 59. 83 +3 46) %= = 73: 59 % 
(ii) Overall efficiency of plant 


_ heat supplied to steam vs 
heat supplied by fuel *“2 ~ ** 


EVEL “bd OEE se 


yrys 


m; Msup ie ees | total heat utilized 
me CV Ws Uh es ‘ *heat'supplied ; 2s yi 
— 5600(2816,32 — 12500) 99 = = 73.59% . 
, 650x31500° is, = 
(iii) Equivalent evaporation 


m, (I, sup -h ty ) ‘ : oe 
stoi zeehor ie cen superesteris a past of boiler) 


‘ 
i + 


Mop = 


Nu 


_ 5600 | (2816.32- 502, 42) ‘eliod ni posit 
650 . 2257 
= 8.83 kg of steam/kg of coal burnt 
[Note : (1) cies economiser and superhedter both parts of boiler, then 


m a guy — 7) BORIC e AEBS leut ie wold, 


"se “95 (gl 


(2) Without considering superheater and economiser as parts of boiler then 


\} A 
hes ick 
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Solution : Given data my, = 9.5 kglkg of coal, mop = 9.8 kg/kg of coal, 
wy, = 15° Ct, , = 108°C, ts = 360°C.. obi =18°C, - 
~ 18 kglkg of coal, Cpg = 1.046 kulkg °C, CVs = 30000 tae. 


Heat supplied to raise steam/kg of coat 
(i) Msp = eT Tay 
2257 oe 
Q, 
2257 : 
“OQ, = 2118.6 kilkg of coal ze ANA FS, 2 JANE es 


9.8= 


» Heat supplied. to raise atedmikge of: coal Y 
"boileratone ~ Heat supplied by fuel / kg of fuel 


Jifhty n\ TALES) T 


2118.6 
= = 73,72 93 09) Bland Wo ¥ Rae OR 
30,000 : Ans 


(ii) Heat contained the flue gases enterin, ig economiser. 
=m, Cog “Cy -t, ) . ; , 
=18x1 mec 18) = 6439, 176 kJlkg of zal 

Heat utilized in economiser (heat gain by feed water) 
=m, ‘Cy wy wy, 7, ) 
= 9,5x 4.187 x (108 - 15) = 3699, 214 kJlkg of coal - 
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n heat utilized in economiser/kg of coal x100 

fe a om heat in fine gases entering in economiser/kg of coal 


4 Tiss A 
= 3699.214 x100 = 57.45 % . . ns 
6439.176 f° 
(iii) Total heat utilized in the planvkg of co: ‘ 
= heat utilized in boiler + heat utilized in economiser 
= 22118.6 + 3399,214 
, = 25517.814 kJ/kg of coal - 
Heat supplied to plant by fuel = 30, 000 kJ/kg of coal 
25517.814 


an = B27 ST4 x10 = 85.06% o's on 
whole Sele 30000 . hid 


Solution : Given data : he = 80° 


hay t= TOO yy 2800 kg/hr, 


mr = 400 kg/hr, CV of fuel = 31000 Kilkg, C ps = 2.1 kilkg K, 


CV of carbon = 33850 kJ/kg. si - ee 
From steam table, at 12 bar Ce 


hy = 798.43 kilkg, lg = 2782.7 kilkg, t, = 187.96 °C 

by =Ihyy = =h alla, ~t,) “ap as ci 
= 2782.7 + 2.1(78) = 2946.5 kIlkg 

ly = hy =t py XC, = 80%4,187 = 334.96 kglkg 


~ 
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«Actual mass of dry coal — RAR TTMIORDD. WA NO 


= total coal Supplied — mass of moisture in coal A ae agit) 1 AORN 
|e 45400 ae ee Te 
Mm, = 382 kg/ar fitch q 97298 odd gnpateiien 


(i) Efficiency of boiler (including supérheater) Tall ithe: Ate 


rind 
ec ee = 2800(2946.5-334.96), ne 


; is ae 38231000 hie ons ee ee 


: = 73123129 fio ee rena 
11842000 07 OMFS os bo a Gina 


Combustible in ash = mass of ash kg/hr x combustion in ash) = ‘ 


Ans 


9.5 Ap De 
=45x— ston ea 
100 = 4,275 kg” 


Actual heat supplied by fuel ina s 

= heat of dry coal - heat of combustible in t 

= If X CV of fuel - 4.275 x.G, 

= 382 x 31000 -4: at x 33850 

= 11697291.25 kJ/pr* 

(i) Efficiency of boiler (including fia) 

m, (hy -hy) 
ter s We actual heat supplied by fuel 


= OE ad eee sobs cath SON Ane 
« 11697291.25 ; 
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Solution : Given data: m, = 5000 kg/hr. ™p = = 675 kg/hr, p = 14 bar, 


CV = 29800 ki/kg, 4, = 30°C, te = 130°C, x=0.97,.Zeup = 320°C 
From steam table, at pressure p = 14 bar 
hy = 830.07 ki/kg, hy = 2787.8 ki/kg, T, = 195,04°C 
Enthalpy of steam leaving the boiler 
hy = hy + x(hy sh) : 
= 830.07 + 0.95(2787.8 — 830. 07). 


= 2689.91 kJ/kg cha = Gye eo 


Enthalpy of steam leaving the superheater 
= ddtas x iva 
Pup = tC, s Toup — T;) 


. = 2689.91 + 2.3(320— 195.04). 
= 2977.318 kJ/kg ie F 


Enthalpy of feed water entering the economiser bot i Hh sie ee a 


hy =C,, whe = 4.187x30= 125.60 k/kg” i 
Enthalpy of feed re: leaving the economiser 

hy =C, w Xt, = 4,187x130 = 544.31 kak 
@ - ivcuilteveoney of plant 


a heat supplied to steam 
heat supplied by fuel 
m 15 (hg -h;,) 

Bina arte 12 fase 

m ihe ‘CV 


_5000(2971, 319 -125.60) 
” 675% 29800 Aa 
1) = 70.88% Me eet 
(ii) Heat of fuel utilized in economiser 
Q, Fm (hy hy) ‘ bo BA Sac 
= 5000(544.31-125.6.) 
= 2093,55x103 kKi/hr ‘ 


x100) 
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© ty =130°C [-----------=- 27 @ 
' 
1 


Heat utilized , 


Heat utilized 
in economizer .. 


! in Superheater 
I ‘Heat utilized _ gt 
in boiler 


; hss 


Fig. 2.35 T-h diagram, for steam formation este 43h oa “y 
Heat of fuel utilized in boiler , : ” 


Q, =m, (hy - hy) a 
* ='5000(2689. 91-544.31) 4a 
= 10,728 109: k/hr. 
“Heat of fuel utilized in supetheater 


sup =m, (h, sup —h) 
= = 5000(2977. 318- 7689. 91)" - fe 


= 1437. o4x103 Ki/hr 
Total heat supplied to Plant by fuel... sus eatl 


prs ipo ppl malar npeaene Asia 


= 675x29800 = =20115x10? he wey 
i of heat of fuel utilized in economiser shoe 


_ Le «100 = 29285410 19) = 100% | ae foun dates 
OF 0115x105, é' cso wd brant eatin ded 
of heat of fuel utilized in boiler idoesgsl itouinn oe 


ft 
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: 3 : | 
= 10,728%10" 100 = 53.34% ae ets AR 
20115107 


% of heat of fuel utilizedin superheater 


3 : 29,20 
es up x10 3» 1437.04 x10" 199 =-7.14% not ot An: 
20115x10> 


Op. 


2.1 What do you mean by high pressure boiler ? 


2:2- What are the main features of high pressure boilers ? Why are they preferred for therm 
power plants ? * ‘ : ~ : ; 
2.3 Explain theconstructional difference between low pressure and high pressure boiler. 
2.4 Explain the advantages of using high pressure boilers in thermal power plants. 
‘2.5 Why forces circulation isa must in high pressure, high duty boilers ? 
2.6 Explain with neat construction and working of sketch LaMont boiler. 
2.7 - Explain with neat sketch construction arid workingofBensonboiler...___ 
2.8 Draw andexplain ‘Schmidt-Hartmann Boiler’, and discuss the merits and demerits ov 
the high pressure boilers. NF AN 
2.9 Explain a high pressure boiler which can carry higher salt concentration in feed wat 
than any other type with neatsketch. ; 
2.10 Explain supercharged boiler and supercritical boiler, giving examples of each type. 
2.11 What is the difference between super critical and supercharged boilers 
Explain the construction, working of one supercritical boiler with di: 
2.12 Explain construction, working and advantages of Loeffler boiler with neat sketch. 
2.13 Explain Drumless boiler witha sketch, 5° 9; gabee’ 
2.14 “Part of superheated steam is only used in power generation in case of Loeffler boiler” 
. Explain. ae: I TOL AD DRY 
2.15 Explain in brief supercharged boilers are equipped with air compressor and gas turbin 
2.16 Draw neat line diagram of ahigh pressure boiler in which steam is generated by mixin! 
the superheated steam with feed water. Discuss its relative merits and demerits. 
2.17 What do you mean by supercritical Boiler? (0 (208 <7, 
2.18 Draw and explain supercharged boiler, ~ ietiioroas a) Lindt lO N 
2.19 Write short notes on (a) Velox boiler and (b) Methods of desuper heating steam or su 
heat control. hay Chi AR “Si 
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igh pressure Boilers: 


1 Diaw and explain Circulating fluidized bed combustor 


‘92. What difficulties are fi ; : os, 
y22 ee aced when FBGis used for light fuels as municipal and agricultural 


85 


4.03 Explain with neat sketch the pressurized FBC system. 
2.24 Explain Fludised bed combustion system. 


9.25 Explain the principle of fluidized Bed Combustion (FBC) syste: ith diagram 
are main problems with such system ? How such jes hla Laks 


E problems are overcome ? Explain th 
construction and working of classical/atmosph a a 


ructio eric pressure FBC system ? 
4,26 Mention different advantages of fluidized bed system with respect to coal combustion. 


>. Why it is possible to burn any quality of coal in this system ? 
7.27 Explain the main features and advantages of once through boiler. 
1,28 Draw a neat sketch of amodern high pressure boiler and mark different heat transfer 


zoned. Also label Boiler drum, Downcomer, Economiser, superheater, Reheater, Water 
wall and Air preheater in the same sketch. 


229 What are the major zones of boiler 
superheater and economizer ? : : 

1,30 State and name and location of different types of heating surfaces used ina high pressure 
boilers. State their function. Het Maentiomee ay 

its ovg 231 Explain location of heating surfaces in water tube boilers. 

2.32 Why superheating of steamis required? 9” 

1 wayj233 Why are superheaters and reheaters used in steam power plants 2 

2.34 Why the heating of water is necessary before itis fed to the boiler? 

2.35 Why economizer is used in power plant ? Discuss the different type of economizers. 


‘hem 
ile, 


.? What are the considerations in. locating the 


e, 
vilen|2-20 Explain types of superheater and state the various methods used for controlling the - 
agra superheat temperature of steam. d j 


2.37 With neat sketch, explain working of plain tube and gilled tube économizer. Ba? 
.38 Write shortnote on regenerative airpreheater., Send tt caer eae 
ef 39 Why economizers are used in power plant ? Discuss different types of economizers. 
40 Why economizers are located after the feedpumps?,° 
‘ti .41 How does air preheating save fuel ? ee ee ae os ae 
(2-42 Compare regenerative and recuperator types of air preheaters. x 5) 
w).43 Why rotary regenerator type air'preheater commonly used? ‘ 
‘44 Explain the function of air preheater in thermal power plant. With a neat sketch explain, 
the construction and working of regenerative type of air-preheater. {Moon 2 F eS 
45 Classify air preheaters and explain any one type of air preheater with neat sketch. 
46 Describe with sketch the working of regenerative and recuperative types of air preheaters, 
47 What are the causes of boiler corrosion and how it is prevented in practice ? 
48 Explain corrosion of an economizer andits prevention, . saviett nal a, 


i 


vil 
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- Objective Type Questions’ —~ 


1. Which of the following is not ahi igh pressure boiler ? 
(a)Lancashire —_(b) Velox (c)La-Mant (d) Lo-effler 
. 2. Indirect heating andevaporation of water is used in 
(a) La-Mont boiler (b) Benson boiler 
(c) Lo-effler boiler _~ (d) Velox boiler , 


, 


3. Once through boiler is named such because yl 
(a) air is sent through the same direction ; a) sf 

(b) steam is sent out only in one direction i 

(c) there is no recirculation of water © po! 

(d) flue gases pass only in one direction _ he al 

4.” Once through boilers will not have itt 
(a) drums, steam separators, pumps @ it! 

" (b) drums, headers, steam separators : fpr ) ' 

(c) drums, headers, pumps Kaa Be ent BOS 2 (it 

(d) drums, headers, steam separators, pumps pera ga 

5. , Bension boilers having . Whi 
(a)three drums (b)onedrum  (c) no drum boil 

6. Combustion in coal fired boilers usually takes place at (a)! 
(a) 1400 to 1700°C * ; (b) 800 to 900°C 1g, Wt 

(c) 200 to 300°C ‘(d) noneof these, ; (a) 

7. In fluidized bed combustion (FBC) system the combustion of fuel takes place at about b 
(a) 1400 to 1700°C _" . (b) 800 to 800°C by } oo 

(c) 200 to 300°C. (d) none of these ee ee € 
8. Asuper critical boiler is operates above the pressure ; te « 
(a)221.05bar (b)100bar (c)80bar’  (d)50bar awe ¥ 
9. Which of the following statement is not correct regarding supercritical boilers. 7 AL “( 
( 


(a) No drum, less heat capacity of the generator and hence more stable and good a 


(b) There is no two phase mixture. sat 
(c) Less corrosion and erosion problem compared t to subcritical boilers, ‘ 


(d) None of the above _ P (a) 
10. Which of the following is not a advantage of supercharged boiler. 10. 
(a) Small heat capacity , buns vr 7. 


(b) Less heat transfer surfaces is required, ' sania ott 
(c) Rapid start of the boiler is possible. : 
(d) It has a tight passage for gases. 

11. Which of the following is/are fuel of FBC boiler. 
(a) bio mass (b) municipal waste 
(c) high ash coal (d) all of these 
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\ High Pressure Boilers . 
{© 12. Themain function ofe i 
con i i 
G@heticakici shite ofa 7 ler plantis to 
(b) Increase steam Production 
(C) increase steam Pressure 


13. In which device the temperature of steam is highest’ 


(a) evaporator tubes (b) superheater 
e ae (d) steam/water drum 
; s a Power plant heat from the flue gases is recovered in 
® superheaters (b) de-superheater 
evaporator tubes (d) economizer and air pretieater 


15. Economizer ina steam power plant 
| (a) saves fuel Consumption by 5-15% 
(b) improves the boiler efficiency by 10-12% 
(c) both of above : 
16. The advantage of reheating of steam in steam power plant 
(a) it reduces the wears on'the blades. 
(b) itincreases the efficiency of the turbine. 
(c) it increases the work done through the turbine 
(d) all of the above i ; ; , 
17. Which one of the following modes of heat transfer would take place predominetly from 
boiler furnace to water walls ? : “. : 
(a) radiation (b) convection (c) conduction ; 
18. Which one of the following represents correct order in the path of flue gases ? 
(a) superheater, economiser, evaporator tubes ‘ . : 
(b) superheater, evaporator tubes, economizer f 
(c) evaporator tubes, superheater, economizer, air preheater. 
(d) evaporator tubes, superheater, air preheater, economizer. 5 
Which of the following method is not a method of superheat temperature control 


19. 
- (a) Desuperheating (b) Precondensing the steam 
(c) Feed water heating s (d) Tilting bumer 
Answers 


-(c) 3.(c) 4.(b) 5(c) 6a) (b+) Ba) 9.4) 
ad ee ae 13.(b) 14.(d) 15.) 16.(4) 17.@) 18.() 19.(0) 
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3.1 Introduction ‘ ware 2 
3.2 Out-Plant handling of coal - Wractedds vat t 
3.3 Storage of coal : aM 
3.3.1 Dead storage or outdoor storage 
3.3.2 Live storage or active storage 
3.4 In-plant handling of coal 
3.4.1 Coal delivery - 
3:4:2 Unloading---- ~~- 
3.4.3 Préparation of coal 
3.4,4 Transfer of coal, {oa l))s 
3.4.5 Inplant handling , JdlouMaswosood' Ta 
3.4.6 Weighing of coal.. aren BS) neittetielais 
3.5 Coal Burning System. -....065 64,4450) om 
3.6 Solid fuel firing . ; 
3.6.1,Hand firing rye uly te 
3. 6.2 Mechanical firing (stoer fring) enibisn isos afer 
3.7 Types of stoker firing ; a? sige 
3.7.1 Principle of overfeed eae 
3.7.2 Principle of underfeed stokers 
| 3.8 Pulverized fuel system : / 
| 3.9 Pulverized fuel handling systems, 
3.9.1 Unit system . jy4:t, 
3.9.2. Central (Bin) System...) 
3.10 Pulverizing mills 
| 3.10.1 Ball mill ; 
| 3.10.2 Ball and race mill 
bo rrvtg wd LOFBowl milbocre esvge ud-voian Wer we 
; 5 . 3.10.4 Hammer (impact) mill -. by iste igure 
3. i Pulvericed coal burners 
_3.11,1 Long flame or U-flame or streamlined burner. - to sh 
3.11.2 Short flame or turbulent burner.” as vaio: dnale 
> 3.11.3 Tangential burners ; 
3.11.4 Cyclone burner E 
3.12 Oil burners 
- 3,13 Necessity of ash disposal 
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3.14 Ash handling systems cris 
3.15 Mechanical ash-handling systen sae hat “4 be de UT 


3.16 Hydraulic ash-handling system 
- 3.16.1, Low-velocity system. 
3.16.2 High-velocity system 
3.17 Pneumatic ash handling system 
3.18 Steam jet ash liandling system inostp.arttant ill 
3.19 Dust collection and its disposal ier 
3.20 Mechanical dust collector 
3.20.1 Gravitational separators ~~ ete 
3.20.2 Cyclone separator sparse 
3.20.3 Wet type mechanical dust collector 


3.1 Introduction - YWiento fot ind RE 

Thermal power plants use fossil fuels, i.e (1) solid fuel such as coal,(2) liquid fuel such as 
oil, and (3) gaseous fuel as gas. The choice of fuels, their preparation and feeding, and their 
methods of firing deserve special attention for a power plant engineer.'Since our country is 
deficient in petroleum products, the main fuel used in the steam power plant is coal. 

The coal handling facility is the lifeline of a coal-fueled power plant. Modern plants have 
high coal demands because of the ever-increasing sizes of turbine generator units and the 
economic advantages of a single coal handling facility sérving'a multi-unit power plant. Thus, 
coal handling facilities have to become more flexible, more reliable, and capable of handling 


larger quantities of coal in less time than ever before. °°"? > 

Incoal fired steam power plants, a large quantity of ash i s producéd. Ash producedis 
about 10 to 20% of the total coal bumt in the furnace. A 200 MW ¢apacity power plant using 
Indian coals produces as large as 60,000 tons of ash per'anniim: Handling of ashis a problem 
because ash coming out of the furnace is too hot, it is dusty and irritating to‘handle andis 
accompanied by some poisonous gases. Therefore the ashes should be discharged and dumped - 
at a sufficient distance from the power plant and locality. © eve vss ste OLE 
3.2 Out-Plant handling of coal PB i nn ake 

\y with Ved COL 

The transportation of coal 
coal handling. With an increase i 
considerably large, 


The wha of transporting coal from the mines to'tHé power plant is determined b the 

location of the plant relative to the location of the mines and also by the available ne 

methods of transportation such as sea or Tivgr (waterways); railways, highways Goan) and 
WHY attol { ‘ , 


from coal mines to power plant is known as out-plant 
n power plant capacity, 'the coal Tequirements per day are 


waged Vor nsw 


conveyors, 


ASW Qeorv' 
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(] ansportation b : - . ae 
If the p Y waterways: : 


Suan ee 8 situated on the bank ofja river.or near the sea shore, it i a 

cranes or grab buck cet coal in boats or barges, The coal is then unloaded mechanic ct 

bein cans io S. Itis then placed i in the storage yard or directly to the;conveyor, ae lem 

iventecsive Power plant. In U:S.A.; many power plants located on ‘the banks of pie arge 
Coal by barge as itis more economical than other modes of tranisport.: BOR 

(ii) Transportation by Rail : 


_ In India, the coal supply to power plants is eciuls: a atiay as srt tirentclael river 
transportation is not available. This mode of transport plays very important role for power 
plants which are located j interior, This mode of transport is still the most important means of 
transportation in common use. A railway sliding line is taken into, the power station and coal is 
delivered either in the storage yard or close to the point of consumption. Itcan be unloaded by 
means of cranes, grab buckets or wagon tipplers. The capacity of the Tailway sidings? should be , 
equal to three days requirement of the plant., ied 


(iii) Transportation by Road: : 
The transportation of coal by roadis 5 possi sible “aN fenall ne medina size plant sil er to 


traffic restrictions and transportation cost. The great advantage of this apie is that the oi 
can be carried directly into the power house uptothe out of: san ec ui 


(iv) Transportation by Ropeways : acre 
The transportatidn of coal by ropeways is guitehlally used when the distance between 


“the mine and power plant is less than 10 kilometers: This mode of transpoftation. is Vey 


mie 


efficient. It supplies the coal continuously and free front worker’ s strike: 
) Transportation of coal by pipeline : ie , yt Inde Silt ay 
‘The power plants are far away from the coal mines and the existing railway facilities ate 
not sufficient to cope with the increasing demands'in the most of the countries. j 
‘The transportation of coal by pipeline is considered most speedy and efficient method 
among all available. In this mode of coal transportation, coal slurries from’ remote mine. are” 
supplied to power plant by pipeline. The following are the advantages offered) by this method: 
© More economical than other modes of transport when dealing with Targe volume +4 coal 
over long distances.” a 
This system is continuous asit remains is unaffected by the variations of, climate and weather, ; 
* Itprovides simplicity; in installation and increased safety in operation. ' 
Itis capable of transporting very large quantities of coal. . 
“It offers high degree of reliability and safety as thet moving alain ‘are limited to the 
stationary pumping and boosting station, | Yt 
» Noise and dust problem is considerably reduced, 


° Manpower requirement is low. 


afte od 


| 
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* ‘Disadvantages : al he 
* Itrequires high capital andoperating cost. ''" ‘ SE on 
* Itrequires large quantity of water as 1 kg of coal requires | kg of water. lage 20m 
* Power plants must be able to use.coal with added surface moisture, 


i 
3.3 Storage of coal ee 
The main purpose of coal storage is 

*: To store 'the coal for a period of 30 to 90 days, 
down due to failure of normal supplies of coal. 

* ‘To permit choice of the date of purchase rg 
itions in prices of coal. crortlig bers tb) 
i eta bal i primer a matter of protection against coal strikes, failure. of. 

transportation system and general coal shortages. _ a , gay oy lat 

The large storage of coal is undesirable, because it costs more as there is tisk of 
spontaneous combustion, interest on capital cost of coal, possibility of loss and deterioration 
during storage, handling costs required by storage and reclamation, cost of area Tequired and 
many others. A storage of 10% of the annual consumption is sufficient in most of the cases, 
although the factors such as nearness to coal fields, transportation facilities and weathering 
effects on coal must also be considered. yorroaodl 7a aol iT ivi 

The coal storage area includes both dead storage or outdoor storage, and live storage 
or active storage. ovat he sie iets ake 


the management to take adv antage of 


' 3.3.1 Dead storage or outdoor storage 33/0 gun oo tpae 4 Hiyqase Hh tei 
In this storage, the coal received at the power. plant is;stored in.dead storage in 

the form of piles laid directly.on the ground. The coal stored has the tendency to combine 

with oxygen of air and during this process coal loss some of its heating value and ignition 

quality. Due to oxidation the coal may,ignite spontaneously. This can be.avoided by storing 

coal in following ways : a aactecaumaner! * dvnteakh iN 

(i) Stocking the coal in heaps or piles: ..., : 


s 


therefore the plant is not required tobe shut 


Generally concrete floored areais used to prevent the flow of air from the bottom for ” 


stocking the coal. Coal is stored in the form of heaps or piles upto a height of 10 to12m 
directly on the concrete ground. During storage of coal in heaps, the coal should be compacted 
in layer of 15 to30cmin thickness. This effectively prevents the air circulation in the interior of 
the pile. The pile top should be given a‘gentle slope in the direction in which the rain may be 
drained off. bee) iiogenca dy oft af 
; Second method of removing the heat of oxidation 
the layers evenly so that air may remove the heat of reac 
The sealing of stored pile is desirable in order 
packing an air tight layer of coal. Asphalt, fine coal dust, an 
commonly used for this purpose, 


IOV 8 


is the airis, allowedto move through 
tion and avoid burning, 

to, ayoid the oxidation of coal after 
bituminous coating are the materials 
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Goal and Ash Handling $ Systems 
(ii) Under water storage : .. ‘ f 
. The Possibility of slow psidation and eeatacetl ie bombustion can becom 
eliminated by storing the coal underwater... .. 
a The following points should be kepti in mind during scecting th 
piling: tl a 
(1) Coal should be stored on solid ground free from water. aah & ait 
(2) The artificial drainage inthe storage area should! be provided if well drained area is not 
available. gee ies ond 
'(3) The coal handling cost should be minimum. 
(4) Fire fighting equipment must be available near the storage. 
(5) The piles should be built-up as far as possible compact. 
(6) The coal storage area should be cleared of all forei en matter such as wood, paper, 
etc. having a low ignition temperature. 
3.3.2 Live storage or active storage : : 

Live coal storage implies the Abaiviing and opibistion of coal that has been 
stored for only a relatively short time, usually less than a wéek. Coal ‘from a live:coal 
storage pile is usually supplied to combustion equipment without the use of mobile equipment. 
The coal is usually stored in the vertical cylinder bunkers or coal bins or silo. Coal from silosis 
transferred to the boiler | grate. : 

Live coal storage bunkers are iy 6 comeiiste ki with adiamond - "ahopal cross- 
section storage area. The storage bunkers are made of steel or reinforced oncrete to store 
the live coal as shown i in Fig. 3. 1. . A 


eletali 


e site for storage and 


Fig. 3.1 Cylindrical bunker 
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3.4 In-plant handling of coal or Stages of coal handling « " ‘Eyan. 713] 
Whatever may be the method of coal transporting but the coal has to be taken to the 
boiler stokers or the coal preparation plantin case of pulverized fuel firing. In large power 
stations, some mechanical handling system must be introduced to the plant for easy and smooth 
operation and better control. The various stages in coal handling are shown in Fig. 3.2. 
-_Unloading equipments: walt, 
Rotary car dampers, car shakers, unloading 
towers and bridges, self-unloading boats, lift 
trucks, cranes and buckets. m 
Preparing equipments:. 
Crushers, sizers, driers. , 


, Coal Delivery rm 
| Road Rail » Ship 


Unloading 


Transferring equipments: 
Belt conveyor, screw_conveyor, bucket elevator, 
F _, skip hoist, flight conveyor, -. 


Out door- storage per HOTLINE 2 OF at yhietsen ' Hie nat = 
vam ior eee Covered storage equipments:, hiters d 
Covered storage _ Bins, bunkers, silos, etc. , 


sthsagiose st 


Weighing equipments: y 
_ Scales, coal meters, and samplers. 


Fig. 3.2 Various stages in coal handling 


+ Requirement of good coal handling plant 
The following are the requirements of the good coal handling system : 
(1) Itshould be simple and require minimum operations and transport. 
(2) Itshould be able to handle sufficient amount of coal durin g peak hours. Generally, 
the capacity of coal handling plant is two to three times of its normal requirement. 
- (3) There should not be double handling of coal in the plant. 
(4) The handling system should require minimum maintenance and repair. 
a The working Parts should be enclosed to avoid corrosion and aivesich 
4 i eetiet pr in om pba are discussed as follows. 
Thecoal from supply points is deliv 
‘ Near to sea or river, whereas coal is supplied 


naan by ships or boats to power Stations situated 
y rail or trucks to the power stations which ate 
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3.42 Unloading — 

The type of equipment to be used for Sawin g the coal received at the power plant 
depends upon the type of out-plant handling mode as road, rail, or ship. Road transportation 
of coal by trucks is often more economical for small and medium capacity plant, within 30 to 
50 kilometers of coal mines. If coal is delivered by trucks, there is noneed of unloading device 
as the trucks may dump the coal to the:outdoor storage. Coal is can saab if the lift trucks 
with scoop are used as shown in Fig. 3.3. 


used for speedy unloadin gs: 
(a) car towers; (b) rotary.car dumpers; and (¢) coal accelerators. 
When the coal is transported by sea, the unloading devices used are.t.) 55.5) Bs, 


(a) coal towers, (b) pad bridges, and ©) selfunioading boats 
3.4.3 Preparation of coal 


When the coal delivesnds isin ithe fon of big ttre a iti isnot of proper size, the 


sedif the railway 


preparation (sizing) of coal is necessary. The coal preparation plant either.can be located near 
the coal receiving point or at the:point of actual use; The coal preparation canbe'achieved i 


crushers, breakers, sizers, driers, and magnetic separators. v4 


The arrangement of the coal | preparation plantis shown in Fig. 3 4. The coal: Pe hte, is 
used for crushing coal’ ‘of required size. “Patt of the coal obtained from mines does not require 
sizing and is bypassed. The crushed coal i is then passed over the vibrating separator which 
removes unsized Goal and feeds back to the crusher. The sized coal is further passed to the 
drier to remove the moisture from coal. Fori removing the moisture from coal, hot flue gases 


are passed through the coal storage i in closed spaces. The magnetic separators are used 


for 


removing thei iron particles and scrap from the coal before supplying to the storage hopper. 


WATS 
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‘The separator isusuallya magnetized pulley ov over er Which the loaded Wet belti isrun, The i iron 


Beanscame 


particles drop off into a reject chute as the belt leaves the} pulley. B ; a linet 
transferring coal from the magnetic separator to the storage hopper: 


Uncrushed coal ae an it 


Belt conveyor 


__Closed cous 
~ storage ands. 
coal drier.) = g 


coal is transferred to the storage ca means of the following systems. | 
: 4 2(a) Belt -conveyors. <, » -(d) Grab bucket sshd » Lic 
(b) screw conveyors") 1) 1/15: ,.(e) skip hoistsyands)) is os. 

(c) Bucket elevators Jn , a (f) Fli oe ee 


(a) Belt conveyors : 


_ _ Fig. 3. 5 Sows a belt conveyor, ‘Itconsists of an endless beltin mov by over apair of 
‘pulleys ¢ or end drums and supported bya series of rollers known as idlers p od: at regular 
intervals. The belt is made up of rubber or canvas, The1 return rollers are plain rollers andare 
spaced wide apart which support the empty belt, Belt conveyor is very su ble means of 
transporting large quantities of coal over large distances. Iti is used in medium and | wer 
plants. The inclination at which coal can be successfully elevated b beltare and large Po 

20° to the horizontal, An average speed of belt conveyors varies tom, : conyeyor is ss 
transport a coal from 50 tonnes/hr to 100 tonnes/hr continuously, mi Sto.1.8 mis. 
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spinyvala todouti (9) 


‘Return roller 


poveseotonrnntind ayy aye “Fig.'35 Belt conveyor’ 
«Advantages 3°08 801) boo rrewe ri eieees 


(1) Its operation is smooth and ean 


(3) Initial cost of the system is low and p power “consumption is also low. fs ae ot * rome 
(4) Maintenance cost is low. 
(5) The coal transfer rate can be varied by varying the ore of the belt. 
° Disadvantages: | 
(1) It cannot be used to pStHETES the coal at gre: 
to 20°. “J IO Ano 2 
(2) Itis not suitable for! short distances. 


(b) Screw conveyors : °-” | 
Screw conveyor is shown iin Fig. 3.6. It consists of an headless helicoid screw w fitted to 


ashaft, The screw while rotating ina trough transfers the coal’ from su | end to the discharge 
end. The driving mechanism is ; connected to one end of the shaft: andthe other end of the shaft 
is supported in an enclosed, ball bearing. Rotation of screw varies between 70-125 p.m. The ; 
diameter of screw varies from 15cmto50cm. 


eights as its inclination is limited 


{ 
grap | 
y | 
t 


} 


Coal sindty. ; 
“M) + SRS INS yi 


Ball bearing 


Coal discharge 


Fig. 3.6 Screw conveyor 
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~The maximum capacity of this. conveyoris 125 tonnes ate ‘bul This system is suit é 


for transfer of coal over shorter distance when the elie pea is limited. 


_ 


° Advantages’: : Poste 
(1) Itrequires less space. ae a ee | j 
(2) Itis compact and cheap i in the initial cost. ry yy 
(3) Itis dust tight. tt ei ; oe | 
* Disadvantages : i || 
(1) The power consumption is high per ton of coal ceahkiie 
(2) It’s life is short due to high wear and tear of screw. 
(3) Itis suitable, where coal is to be transferred over siprter distance (up' to 30 ie duet 
torsional strain on the shaft. UT ae ES et Ee 


(c) Bucket elevators : wires 

It consists of buckets fixed toa chain as shownin Fig. 3.7(a). The 
two wheels. The coal is carried by ‘the buckets form bottom and discharged : at the top;; 
conveyor is extensively used for vertical lifts. The material elevated in buckets is ie: 
either by centrifugal force at the top of the elevator: or by drawing back tl 
discharge side. Anthercontinuous type bucket elevatoris shoy in iis 3 7b) i 
amount of coal compared with first. 


at ‘ condrafe aga AG continuous 


Fig. 3 3, 7 Bucket. elevators. 

° 5 Adonai: (Gre TKO 
(1) Itrequires less floor area. * nk ae 
(2) Itrequires less power for operating. Se cca. 
(3) Coal can be discharged at elevated places, 


PEO D gies? 
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¢ Disadvantages : i : - 


'() Its capacity is limited to 70 tonnes per hour hence not suitable for large capacity 
Stations. @ 3 
(2) The maximum height of the elevator is limited to 30.5m. 

(d) Grab bucket elevator : eh xe ING 

Itis a form of hoist which lifts and transfers the coal.on a single rail or.track from one 
point to another. The coal lifted by grab buckets is transferred to overhead bunker or storage. 
The grab bucket conveyor with crane is shown in Fig. 3.8. This system requires less power for 
operation and requires minimum maintenance. A 2to 3m’ bucket operating over a distance of 
60m transfers nearly 100 tonnes of coal per hour. The initial cost of this machine is high, 
therefore use is justified only when other arrangements are not possible. 


2 


LOTTE IER As ait 
Fig. 3.8°Grab bucket elevator 


Ky 


Dv 2 | BOS TTA 


read an 


21 SOTO OF toby foatense 


PEt alaeFige 3.9 Skip hoist ’' *: 
The skip hoist is the oldest and simplest means of elevating coal or ash. Itis used for 
high lifts and handling is non-continuous. It consists of a vertical or inclined hoistway, a bucket 
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builded by 3 “sling the bucket. The bucket is held in up right 
or a car guided by a frame, anda cable for hoisting the buc tis low. Fig. 3.9 shows the 


position. The operation and maintenance cost of this arrangement! 
skip hoist. 


(f) Flight conveyor or scraper : - : . para é “ok 
Flight ee consists of one or two strands of chain to which steel scraper or flights 


are attached. The scraper scrap the coal through a trough having identical ree See cod is 
discharged in the bottom of trough. This conveyor is generally used for a er of ¢ Bi 
filling of number of:storage bins situated under the conveyor 1s required. e arrangement of 


flight conveyoris shownin Fig. 3.10.’ 


“Chain 


Coal in 


Flight. Se j 


Fig. 3.10 Flight conveyor ~ 

* Advantages : nants codons ale t 

(1) Itis low in first cost. . + heivs 

(2) Itcan be used to transfer coal as well as ash. : 

(3) The rate of coal discharge can be varied easily by changing the speed of conveyor. 
* Disadvantages : nis 

(1) The repair and maintenance charges are very high. 

(2) There is more wear due to dragging action. 

(3) Power consumption is more. ~ 


3.4.5 Inplant handling 


Inplant coal handling refers the handling between the final storage and the firing 
equipment. If simple stoker firing is used, only chutes are required to feed the coal from 
storage bunker to firing units. In addition to this, gates and valves are included in the system 
control the flow according to the load on the plant. : 

For inplant handling, 


Ors etc., therefore it is not necessary to repea 
Stem is shown in Fig. 3.11. 


Were ' 
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Beltconveyor | 


Belt conveyor - 


stockout 
abute 
5 


1s 


Coal in 


NS. 


conveyor 


Gate “Boiler No. | aor 


Boiler No. 2 * 


b 


Fig. 3.11 Inplant coal handling“ ar sa 


3.4.6 Weighing of coal } in p phe sys, 
The coal before supplying to individual boilers, itis required to wei gh in order to know 
whether the proper quantity of coal is supplied or notas per the load on the plant. It is also 
required to weigh the coal at the unloading point in order to have anidea of the total quantity 
of coal delivered at the site. ; eee : ay oh AE 
Weigh lorries, hoppers and automatic scales are used to weigh 
commonly used methods to weigh the coalare as follows tS 
(i)Mechanical, (ii) Pneumatic, (iii) Electronic. , 


3.5 Coal Burning System wivont ' 
Fuel.is burnt ina confined space know as | furnace: The furnace provides supports 
and enclosure for burning equipment: Solid fuels such as coal, coke; wood, ete. are burnt by 
means of stokers whereas burners aged toburn pulverized coal and liquid fuels. Solid fuels 
require a grate in the furnace toholdthe bed of fuel. In dase’ of coal fired plants, the factors like 
supply of air and moisture content in the coal affect the combustion 
en agra bral stn bie aR f ¢ 


the quantity of coal. The 


ones 


fuel size; rate of firing, 


The selection of 
(1) The characteristics of the available coal 


(2) Capacity of the plant. “4 
‘ (3) Efficiency and reliability of the combustion equipments. 


sith process. eisew We : 
or. fuel firing methods depends upon the following factors : paivlEn 
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(4) The power plaiitload factor |. i vo gow ” 

(5) Nature of load fluctuation. . : : 

3.6 Solid fuel firing ; 3 eee, a 
The solid fuels are fired into the furnace by the following mmedtioes 


Te Hand firing» 23 Mechanical firing 


- 3.6.1 Hand firing ; 4 


ital investment. 
ethod of firin doal into the furnace. It requires nocapi 
ceria amin hod ne fuel firing is not continuous process, ‘and there is a 


It is used for smaller plants. This met 
limit to the size of ie which can be ‘efficiently fired HA me It does not respond 
ifficu 


quickly to fluctuation in loads and the control of draiight is 


3.6.2 Mechanical firing (stoker firing) : 
"Mechanical stokers are commonly used to feed solid raeis into the furnace in medium and 
large size power plants. | In small boilers; the grate is stationary and coal is fed manually by 
shovels. But for more uniform operating condition, higher buminj BF rate a greater efficiency, 
moving grates or stokers are employed. : sae bot 
¢ Advantages : at 
(1) Combustion efficiency,ishigh: \..4 
(2) Coal preparation is not required. - : 
_@) Low grade coal can-be used. ‘ Wi 
4), Firing system is reliable. 3 
"Gy! Less labour is required. st 
= xO} Smoke produced i is less. 
“(7) Free from dan, ger “of explosion. 
. Disadvantages :, £01 ! 
(1) Construction is corplicabst anil initial cost is] satis 
(2) Loss of coal in the form of riddling; through; the oes me ey ie 
(3) High maintenance and repair cost due to high furnace temperatures. 
(4) There is excessive wear of moving parts due to abrasive action of coal. 
(3) Sudden variations in the steam femand cannot ext met to the same —— 


3: 7 Types of: stoker firing ©’ 


i 


es 


oh Ag grate i is used at furnace baton ag abed of Fuel, eee are 
. two ways of feeding 
coal onto the grate ; (a) overfeeding, and (b) underfeeding. Theref 
2 ore al 
be classified as overfeed stokers and underfeed stokers, wy ake — 


3.7.1 Principle of overfeed stokers 2.09) <0) ort * (Jan, “13, , June *41] 


point of air sane The: principle of 
S fresh coal on its top. surface and is 


In this case, the coal is fed into the grate above the p 
overfeed stokers is shown in Fig. 3.12, It receive 
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characterized by the followin 8 five zones front ip to the pate: 
(a) alaye 


T of fresh or green coal - fresh coal zone. ¥ 
(b)a layer of coal losing moisture - drying zone. Li fed ig far et 
_ ©)acoking layer of coal losing its aiglefeontent™ distillation zone. 
(d) a layer of incandescent coke'where the fixed carbon is consis eéibuistion 
{ zone. 3 BW : 
(e) a layer of ash progressively getting cooler - ash zone. ......\;. | ) fo eeqy! 
The pressurised air comin ig from Forced Draft (ED.) fan enters under the bottom of the 
grate. The air passing through the grate is heated by ‘absorbing the heat from the ash and grate 
itself, whereas the ash and grate are cooled, The hot air then passes through a bed of 


incandescent coke. As the hot air passes through incandescent coke, the O, reacts with C to, 


form CO, . Therate of carbon-oxidation in this part of fuel bed depends entirely on the rate 
of air supply. In the event of thick incandescent layer; the’CO,, ‘may partly or fully reduced to’ 


CO( CO, +C=2C0). Further, water,gas reaction (H,O.+,C =H, +CO), may also take 


place with thé moisture from air. These reactions are of endothermic nature pa a in 
considerable seinperatire drop a bed se iigas stream: \ e 


Ey 


te : mis , ified gasiivie rm, cmoboneacrd 


* ns } 7m { conositsinaiar pout 
~, Flame SO 0 RR —— Secondary air 


. my Coes UMECO RCE Tee: 


Pee 
a 
‘a 
v 


mz! 
ae |:CO+CO2+N> +H 
| Incandéscent oki sit : 2 


¥ 
e 


Pianeta 
env: nan 


nl Primary air i 
“Fig 3.12 “Principle of ‘Gvirféed teoker 


; As the hot gas stream passes through the distillation zone where'the volatile matter is 
oi added and then through the drying zone where the moisture js picked up and finally ¢ comes out 


i fromthe fuel bed containing N,, CO,,CO, H. 2 Combustible volatile matter and water vapour 
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SS ll orlete combine a 
is supplied at a very high speed to create turbulence which is required for complete combustion, af s 
oO 
of unburnt gases. The combustion gases entering the boiler consist eS N;) co, »V) and yas 
H,O and also Coif the combustion i is not complete... ee 
.. During | combusti on, the incandescent coal cariiniionely losses its carbon sind only the ash it , 
.Temains which falls through the grate into the ash pit. a 
: Types of overfeed stokers'* “* °°) 075" 
The overfeed stokers may be of the following types. sec 
(1) Travelling grate stoker, ; aq «Th 
(2) Spreader stoker * Ae Bes, Migr ae col 
(1) Travelling grate stoker: 9 [Dec. 10) 
‘ vez 
The travelling stoker may be (i) chain grate type, « or Gi) bar grate type. These two differ H 
only in the details of rate construction. The iii grate stokeris also known as conveyor. pe 


rate stoker. 
‘In the chain grate stoker, the grate is see ofa series rsUr cast iron mink connected by bars 
or pins to form an endless chains 9 i 2 ! i iq 
In the bar grate type stoker, the grate silts consists of a series of cast-iron bars joined 


together by links to form an endless beg running over two sets of sprocket wheels with a wide 
surface as per; need. . 


z Over fire or: 
»-O). 4Vsecondary 
air ports’ 


°] 


Front sprocket ~/ 
Nas bs 
wheel \ 


-Primary air ports: FLY 


ane 


@ 2 ov 


, Fig 3.13; Chain grate stoker 
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‘A tavelling type chain grate stoker is shown in Fig. 3.13. The'chain grate stoker ade 
of an endless chain which forms a support for the fuel bed.‘The chain travels over Wo sP dtoa 
Wheels one at the front and other at the rear of furnace. The front sprocket is connecte 
variable speed drive mechanism. een. , me 
___ thetravelling chain receives coal by gravity at its front end through a hopper and one 
itinto the furnace, The depth of the coal on the grate is regulated by adjustable gate. The 
peed of the grate varies at the rate at which the coal is fed to the furnace. The ashis tipped 
from the rear end of chain. : Ms, ages hot 

The air required for combustion enters through the air inlets situated below the grate. The 
Secondary air is supplied through the openings provided in the furnace wall above the grate. 
The combination of Primary air and secondary air-provide turbulence réquired for rapid 
combustion, i 


These grates are suitable for low grade coal because the fuel must be burnt before it 


reaches the rear end of the furnace.-The rate of burning with this stoker is 200 to 300 kg/m? 
per hour when forced draught is ised: 24! tees pe 
* Advantages! | i) |! 
(1) 'Itis simple in construction, 
~ 2) Its maintenance costis low. 
(3) Its initial cost is low: 
(4) Itis self-cleaning stoker. 
(5) The heat release rates can be controll 


yet 


st by controlling the speed of chain. 
* Disadvantages : aide 


@ 


hA 
eave’ 


of fine particles carried with the ashes. 
STROKE? aE BE AT 
(3) Not suitable for high capacity boilers (200 tonnes/h re s 
coal carried on the grate is small. leaaicate at 
(4) The clinker troubles are very common. 


(1) There is always some loss of coal in the form 


(2) The temperature of preheated airs li 


(2) Spreader stoker : Holted? isn als yl erro 
A spreader stoker is shown in Fig. 3.14. In this stoker, the coal from thé hoppér is fed on. 
to a feeder which measures the coal in accordance to the requirement. Feederis a rotating 
drum fitted with blades. Feeder can be reciprocating rams, endless belts; spiral worms etc, 
From the feeder the coal drops on to spreader distributor which spread the coal over the 
furnace. The spreader system projects the coal Particles ina continuous stream on to the grate 
holding an ignited fuel bed. The speed of the feederis afunction of load on the boiler; The fine 
particles of coal burn in suspension where corse particles bum on the grate. The secondary air 
‘s admitted above the fuel bad to promote the turbulence and to complete combustion! The 
is ve may be stationary or travelling as per the capacity of the boiler, High Capacity boilery 
need travelling gate. The grateradeof CI basis Connected toa lever through links udesnearh 
ite grate, In order to allow the ash to fall below the ash pit, the lever is thoved back and forth 


ris ed ret i 


{ 
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ivot. A:variety of ast is burnt ov! 
5 with to nee MW. 


which makes the bar; tock. aboutthe pi 
stoker,is applied toa awide range ‘of. bailensi sizes 15 


oAéontrolling © 
lever 


Dumping 
grate Co 
lz geriflornods oH0 


His. 314 Spreader Gker . pare tiiiay BE 


I OU TUB BONE Bete 


. Advantages 2 2M 
a) ~ wide Variety of coal can be bu ‘by this sjoker, sit 
_@Q) A thin fuel bed on the | grate is helpful i in roeeing| the fluctuating loa 
al Tis operation cost is low. oie teal 
(4) The use of high temperature preheated ¢ airis s possible : 
(5) The clinkering difficulties are reduced even with coals which have high. clinkerng 

tendencies by the nature of the 5 saa action. as aad 
©, Disadvantages 33) )-5: !.) 0/14 vidi at 2} Soe Fi nies ono hss 

1). The spreader does not work a dotatcadlp with varying'size of coal.21hs , 

2). There is a possibility of some fuel loss because of ane fine unburnt cabo piiticles 

oq/} «are also carried with the exhaust gases... { tol mn 
+3). Fly-ash is much mote due to suspension’ bung of fine ful pantoles: pi) 


3.72Princple bf underfeed stokers 2) ae alebeainai ‘une’ tt] 


Fi B. 3: 15 shows the underfeed fuel bed showing the v various zones. Th this type of stokers 
the fuel and air movein the same direction. The coal is fed from below the grate by. a seve 
conveyor orram, The primary air passing through the holes in the tuyers goes through the 

: various zones. The air mixes with the formed volatile matter and passes through thei dos 
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one and then enters into the regi i 
through the incande © region of incandescent coke. When the gas stream passes next 


There are mainly twotypes of underfeed stoker i A 
(1) Single retort stoker, (2) Multi-retort Stoker) oifeoorr oy 


PONE ening oye ee pe ! at €04+0, +N2+H, O 


i Flame Secondary air 


> Ash 
a. e 
Incandescent coke |. 
ae 


Green coal | 


H Fig. 315 Principle ‘of underfeed: stoker. 
(1) Single-retort stoker +“ y Hag { aye tines tae 
‘The single retort type stoker is shown in Fig. 3.16(a) and (b) in form of two views. The 
coal from Jarge hopper is fed by reciprocating ram or screw conveyor into the bottom of the 
horizontal trough. The air is supplied through the tuyeres provided along the upper edge of the 
grate as shown in Fig. 3.16(b). The ash from the grate falls and itis collected in the ash a 
ed ci RT: The coal feeding capacity of a 
burned coal may also pass through the grate. i 
a be stole varies from 100 to 2000 kg per hour. The oa of ae iin eH ite 
A i inabili ini air distribution from the sides’o' 
ae A virtue of inability of obtaining even air dist con a 
capacity is limited by irtye oF ina Ny rl baa eA 3 


retorts. © gplovaholr-ita an 
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-'Coal hopper: ae | 


SORT 


” Stéam cylinder 


Aloe 


eit sah ae att cone a Besai bod Usienin 
Fig. 3.16 Single retort stoker...\ 0... 


Mary 


MBE FETE BRE vr, vets tovulunoomon adie 
AMulti-retort stokers are generally used for increasin g the burning capacity of the stoker. 
Fig. 3.17 shows the multi-retort stoker. é 


Construction : a i 
Itconsists of a series of alternate retorts and tuyere boxes for Supply of air, Each retortis 


fitted with a reciprocating ram for feeding and pusher plates for the Uniform distribution of 
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coal. The number of Tetorts m; 
300 kg to 2000 kg per hour ne Srnsioe from 2 to 20 with coal ae capacity raniging from 


t 


Tuyeres 


Incandescent zone \i ~Coal hopper 


i fs gauge 


‘.connection 


nie a 17 Muti-retort stoker Ge 
Working : \ : snot, oY vorsiodic aril 
., The coal falling froin the hance pashed rocket during the inward stroke of Stoker’. 
ram. The distributing rams (pushers) push the entire coal down the length of the stoker: The’ 
stroke length of pushers can be varied as desired. The slope of stroke helps in moving the fuel 
bed and this fuel bed movement keeps it slightly agitated to break up clinker formation: The 
primary air is supplied to the fuel bed from main wind box situated below the staker. The 
partly burnt coal moves on to the extension grate. The low pressure air entering into the 
extension grate, wind from main wind box is supplied to the'thinner fuel bedo on ithe extension 
grate. The quantity of air supplied is regulated by an air damper. f 

These stokers give high combustion ad These ie can burn ete ae. of. - 


coal efficiently exceptcoals with hi a ash content: 


¢ Advantages : 
(1) It gives higher combustion efficiency compared with chain grate stokers, 


(2) The part load efficiency is high... 


(3) The grate is self-cleaning. : cr 
(4) Smokeless operation is possible even at very light load, vaxiiicto uonuriavhh 


6) Combustion rate is considerably higher, ped ex ‘asdidaitoad epee daabdt 
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jo i(6),Grate bars, tuyeres and retorts are'not subjected" 
always in contact with fresh coal. a te so that the boiler may remain 
(7) Substantial amount of coal always remains on the ae coal supply system. 
in service in the event of temporary breakdown of RES" i 
(8) Different varieties of coals can be used. ae i 
-© Disadvantages : Ne Sa “e : si bic 
(1) Initial cost of setup ishigher than other stoker firing. © 
(2) Space requirements large compared to other types 


hg 
¢stokenfiring. 
(3) Clinker formation cannot be éliminatéd. 3 : i 2 
(4) High rate of wear and tear due to moving par’: cmtornically; 

(5) Low grade fuels with high ash content cannot be Burnt °° meni 


-3.8 Pulverized fuel system’ li ¢ se Sy fad 
The commercial development of methods for firingcoal Ay power : oe seats 
in the history of steam generation. It made possible the construction an ties oe ‘ 
large and efficient steam generator and power plants. Jonh Anderson and his associa es used 
first the pulverized coal firing in Lakside station, Wisconsin (USA) in 1920. Since then ithas 
become almost universal in central utility stations using coalas fuel. ; SHS 
< In pulverized fuel firing,:coal is reduced to a fine powder in grinding mills or 
pulverizers and then projected into the combustion chambers by means of a current of 
hot air. The coal is pulverized in order to increase its surface area, thus, promotes the rapid 
_combustion without the need of supplying much of excess air, consequently, it results into high 
thermal efficiency. The amount of air which is used to dry the coal and convey the powdered 
fuel tothe furnace is; known ‘as primary. air and the: amount of air.which:is blown in 
separately to. complete'the combustion is. known. as secondary airi :\'!0': 
toni To burn pulverized coal successfully ina furnace, two requirements must be met: 
-@, the existence of large quantities of very fine particles of coal; usually those that would 
_ pass a 200-mesh (0.074 mm) screen, to ensute ready ignition because of their large 
., surface to volume ratios,and 2° sjs9y eos asin s otied Go ayer tuo he 


i) :the existence ofa minimum quantity of coarser particles to ensure high 


efficiency. jagnh tue on yd Lataluse 2t bailnea. geo vin jeg sa 
The process of coal pulverization is cartied out in the two stages +: pe: iG 
Stage-I: Raw and lump coalis crushed toa paiticle size nig eisdaizoaad 
crusher. Particle size notmore than 15-25 mmin the 


Stage-II: Crushed coal is delivered into raw coal bunk pearl it 
~ to grinding mills that grind the feed into the als ae here itis transferred 
size. Durin g grinding hot airis blown through the Ai its Uicles of 200-300 mesh 
fluidity of the coal dust. edttiey Uel to dry itto impart good 
© Advantages of pulverized coal firing: °""'° ~ Tgetia ae se Ty 
(1) Large increase in surface area of coal per unit wings hie ine “11, Dec. 40) 
Ws faster and efficient 
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(4) &B 


., Disadvantages : 


7 Comparision between pulverized ¢ coal firing ¢ and stoker firing, vd 


combustion as mo 
Less excess airis 
area of fuel exposed 
(3) Any type of coal ri 


Te coal surface is exposed to heat andoxygens2!1!"" | 


Tequired for complete combustion because of . siirface 


ight from anthracite to 
peat can be successfully t putt: 

(5) eee variation in load due to better combustion control: 5... 

Sere ite Ot heat release makes it very suitable for super thermal power stations 
eee € rate of steam generation is as high as 2000 t/h.: sett 
a linkering and Slagging problems arelow. “ici ads ancl 
(7) Carry over of unbumnt fuel to ash i8 practically nile’ 
(8) _ Ithas low ash handling problem. rly atevdin 
o Itcan operate successfully in combination with gas and oil fired system. 
(10) Cold start-up of boilers is very rapid and efficient. agieee Hi 
(11) Less furnace volume is required. 
(12) Ithas smokeless operation. AMEE ORIVG : 
(13) It can‘use hi ghly preheated air’for combustion which helps for, Tapid f flame 

propagation. ; 

*(14) There ‘are'no moving parts i in the furnace subjected to high temperature, th therefore 


‘the life of systém is more. and the fation i is troubleless. ; 


(Dec. 13, Dec. *10] 


(1) The capital costi is hi igh as, it requires many additional equip ents compared t to 

, " stoker firing. Sat ‘ , 

2) Its operation ¢ cost is high compared to stoker iring,, ri : 

(3) "Lot of fly ash in the exhaust which makes thet removing of fine dust uneco m1 

(4). Since coal will burn like a gas, “there will always be danger of explosions. ay 

(5) ~ Special equipment is required for starting. 

(6) The maintenance of furnace brick work is costly because of higher working 
temperature. 

(7) - The skilled operators are required. 

(8) Hi igh air ‘pollution due to the emission of very fine particles of grit fod cat 


toy Stoker firing 


"Pulverized coal firing . ia 
Coali is to be suppliedi in i form 7 Coal is to be supplied in solid form 
tofurnace. | : to furnace. % 
Powder form of coal bums likea gas \ 2, Coal burns on. ‘grate. 
It can be used for large capacity Pe _Bsoi,dt ean be used for low tomedium 


(more than 100 MW) power plant. ji capacity power plant. 
Less amount of excess air is required for 4. Moreexcess airis required for 
sey 1) Wo) 81 complete combustion. 


complete combustion 5, Less building space is required, 
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a 3 maintenance and a gcosts.» 6. Themaintenance and operating costs 
7 '/ate more, altri . are less. in 7@93 
- The possibilities of exalt aremore. 7. _Itis free from danger of explosion. 
8. More efficient combustion: 1s): 918.1. Less efficient combustion’ 
3. 9 Pulverized fuel handling systems pie ° 


Pulverized fuel handlin g system isa family. of eauipment in which cou is ground, dried 
and fed to the bumers of a boiler furnace. \; ,,. s;i\ci) 

In general, there are two methods used to feed the pulverized fuel to the combustion 

chamber of the boiler as follows : ; 


1. Unit system, 2. Central or bin system 
3.9.1 Unit system peeseadd 9 Lav Ouge 


; In this system, each boiler is provided with its own pulverizin g1 ‘unit while certain 
provisions are made to transfer the pulverized coal t to neighbouring boilers to increase the 
reliability of the fuel supply. 

The arrangement, of unit system i is shown in Fig. 3.18. Crushed coal from Taw coal 
bunker is fed to the pulverizer through | feeder at a yariable rate governed by! the combustion 


the fine dust and these again 1 fall oni into the: aie The secondary a airis supplied to the bumer 


before’ enterin 1g, the fuel in 


the combustion chamber. 


Raw.coal MHL CON TO NOLeet GL, AF ue 


‘owder coal 


‘Air+ P 


Ta conan 33 us 
' ) Secondary air 
ede i, yaiRentniaytalt oys'lo Inuunns aed ae 
apis otalaad eg. 3.18 Unit system Hanadinca oisignayys 


{iurleped 


(Preheatediains’ 53492 
or flue gases 77°", 
for coal drying 


> Pulverizing ‘TD. Fan 
sjcoal mill Veh 19 
dusonsenuly 


F baciupertins S9aG¢ BOb hy 
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Out, design and operation: . 
4 H Initial Cost is less compared to central system. 


(3) Allows direct combustion control from the beanie 
(4) Lower maintenance charge, 
| (5) Lessspace is required, 
~ (6). No drying unit is ele 
, Disadvantages : sacs a etals es _ 


shutdown. 
22)! The pulverizing t unit operates at variable load as per the load, on the power ant 
which results in poor performance at part load, ane fut 
(3) Lesser degree of flexibility. 


(4) There is greater. wear off an LD. fan blades as these handle! hn air and: mae coal 
particles. 


3.9.2 Central (Bin) System 


Heid verry ea BGs jet 
In this system coal is pulverized ona antral basis) the pulverized fuel i is stored i in 
facentral bin wherefrom it is distributed se pipelines between the boilers.” 


“Raw coal 
bunker 


Preheated Le 
_ secondary « air ( \ 
; ‘ Burner yy 


; Cyetaiis a 
Lo ao tee separator 9.13" 


a 
| 
5 
= 
a 


exCentrals’ 4 
: Ltheathpin pulverizing y....Bing i) 
‘Hot air in’ *~ coal mill. 


© Air + Powder coal: 


| Burner 2} ; 
1t ‘| 
F.D. * \ 
cosa "Preheated’ | ' 
b UG &14 J jarsecondary sin} Fumace| 
Air a tee a a ; 
ier faded omer anl oi) linge ot aiioandci tanh dE 


Ih 1 


’ Fig. 3.19 Central or Bin System 


The arrangement of central feed systemis shown inFig. 3.19. The coal from raw coal 


erjs fed to the drier. The coal drying is achieved by using hot gases, preheated air orbled 
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steam. Feeders used to feed dried'coal to the pulverizer. The pulverized c 
the pulverizer mill with the help of air and it is separated in the cyclone separa 
pulverized coal is transferred to the central bin (bunker) with the hel 
Draft (R.D.) fan is used to supply primary air to feeder. The mixture of pulvert 
is then supplied to the burners as shown in Fi & 3.19. 


oal is carried from 


¢ Advantages : 
(1) Greater flexibility and better response to abrupt load variation. . 
(2) Less power consumption per ton of coal pulverized. 
3 ration of burners is independent of coal preparation. ; 
cS ae handles only air os there is no problem of excessive wear of fan blades, 
(5) Pulverizer can be shutdown when there i is enough reserve of ‘pulverized coal. 
(6) Itoffers good control over the fineness of coal. dixetiio sae 
(7) Itrequires less labour. , ergy gi SOLE 
(8) The pulverizer capacity is ow as it always oid at rated toad. 
¢ Disadvantages: = nor Util 
(1) Initial cost of central system is hi Hi a saw 
,; (2), Itoccupies more floorspace." ij. shoving tikes mies Cue 
(3) ‘The possibility of fire hazard is more due to storage. of large amount of pulverized 
_ coal. - se OO gc lg mney 
(4) Dryeris essential. eater? Nr 
(5): The operation and maintenance cost are more than unit system e207 
(6). The coal transportation system becomes more complex. 
The central system is riot favoured in. modern power stations du€ to above mentioned 
drawbacks. For all high eapacity installations, the unit System is acoph dd) 


3.10 Pulverizing mills ~~~ a at cis 


Pulverizing mill is also’ known as putlverizer, Itis meth to convert raw Forushed coal 
into powder form in order to increase surface area. A’ pulverizeri is the most important partof 
a pulverized coal system. Pulverizers are classified as follows. 

() Impact mills : ' : 
‘a _(a) Ball mill, = -(b) Hammer mill; 
(2) Atition mills 
(a)Bowl mill, (b) Ball andt race ce mill 


‘©The construction and working of'abo she 
310-1 Ball mill ng oF above pulverizers are explained in following. 


The ball mill is one of the oldest pulverizing mill. The line di ‘ 
two classifiers is shown in Fig. 3.20. It basically consists ofah ee stig Palka tae 
and heavy-cast t wear- -resistant liners. The cylinderis filled less th ay nder with conicales \ 
of mixed size, ey A alf with Moret steel ball 


on . ‘ 
aun WD toy4 


Lal bet 
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Hot air + fine coal 


Screw conveyor 
for raw coal 


‘\Hot air from : 
“air prcatet AY ate 
: \ ft if 


coal f 
tof | coal i is picked up by tl the air and the coal-air mixture enters the classifiers, where sharp changes 


| combined impact between coal and steel balls. Hot airisintroduced the drum. The powdered 


then itis supplied to the burger - : caunihnnio 
A ball mill ‘apable of pulverizin 8. 10 tons of coal per hour containing: 4% moisture 
Tequires 28 tons of, 1 palls ae consumes 20% to 25 kWh energy per ton of coal: 


le Advantages :) 1" 
(1) The system is simple in Loperation andlow initial cost. 
(2) The grinding elements in this mill are not seriously affected by sai ae and other | 


., | foreign material inthe coal. .' halon ad durant bore r 

es GB). Suitable fora wide range of fle inclubing anthracite and bitiminpus eal. ybi2 
inpengnce costa Dig dual MMOMe gg nrob nlor yong? asiwng 

— hee fos ostiearns ott lavomt tivity o1 boiltyque artis tokd 


aot 
PPE DOR] 


Boas 


FORT 
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© Disadvantages: jag 
(1) Itis larger and heavier in construction. He 
(2) Itconsumes more power than others. Way 
(3) Dueto poor air circulation works I less efficient wi 


(4) Its operating cost is high." 


3.10.2 Ball and race mill 

A balliand race mill also called contact. mill is the type in Most use nowadays, jt 
operate on the principles of crushing and attrition. 

The line diagram of ball and race mill is shown in Fig. 3. ob ‘It consists of twoelements 
which havea rolling action with respect to each other. The rolling elements may be balls or 
ring-shaped rolls that roll between two. race: inthe manner ¢ of a ball bearing. The balls are | 
between atop stationary race or rin, Be andar a ng bottom: ring; whichi is driven by the vertical 
shaft of the. pulverize =) ‘ t ee AA ee 


ith wet coals. i 


[May 13] 


Hy, 
‘air sipply" 


bas apt igunda9 
; Grinding. 

oTUie ve elements ii So we hate 
{gon 10 ney 


Fig, 3 21 ‘Ball and race ee 


Ms 


rarlto bars qiioy itarc cd be 
The coal i is auppliodl ough the rotating table feeder at iti UW 

inner side of the races: The moving balls and'races'catch coal ope ie fall. On the 

powder, Spring hold down the upper stationary race and adjust the force needeq a shit toa 

Hot air is supplied to the mill through the annular space surrounding the raceg bya Orenishing, 

; ® forced draft 
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irecti d the coal-air mixture enters the classifiers, 
a throw out the over sized coal paiticles: The’ 
ng inthe mill. The coal-ait mixture from the 


itis supplied to the burners. 


7°13) _(2) Itis lowerin weight 
(3) It is lowerin first an, : 
ys. ] Bettis’ irst and i 
: (4) Itis also suitable f Operatingcost.. 
€ 1Or variable load OD 
ne 5) Itcan handle coals <s conditions, = 
he “abe Containing as much as 20% moisture... 


aD isadvantages : 
(1) This mill has greater wear comparedtgotheroulvecnen 
‘ compared t i : 
(2) The leakage of fine coal through the mill, page es : Le 
" . sig eableatatbeng se} 


Ils or | 
lSare jf 
ttical 


Classifier 


1 VDL 
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sassy 


: - Stationary 
spring loade: 
roller 


Fine coal 
to burner 


oS 
‘| 
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7 
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Spring 
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Hot air from 
air preheater 


ig! 3.22 Bow! mill 


e 
' os 9) The bowl mill is widely used for pulverizing the coal. The line diagram of bowl mill is 
i : Be ain Fig, 3.22. It consists of stationary rollers mounted on an electrically driven rotating 
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i | a ae 2 S22 

bowl: Coal fedt through the hopper gets anmairion bys attrition as Bit Soe Lic the sides 

of the rollers and bowl. goth Wigan 7 

icp» Hot primary air introducedi into the pulverizer: cide de baste of tte bowl Carries 
off. coal dust into the centrally located classifier fitted at the top: Coarsé particles drop back 
into the bowl an fh the centre cone of the classifier while the fine coal dust-air TEKH isled 
away tothe burner. | «.. ys;y{iey ian i doh WA pi polyticnog eed . 


L 1 
1 


¢ Advantages : ; 
(1) Ithas lower energy consumption, AS! whi. ahi 
(2) Less over all dimensions. ‘i, F 
(3) The classifier can be adjusted to alter the degree of coal fineness while the millis on. 
(4) Leakage of coal Hon the mule tueth ing is pescticad nil ee it operates, at Negative 
' pressure. 
(5) It produces less noise. 


* Disadvantages : 
(1) -Itis sensitive to metallic objects enter along with coal. 
(2). Uneven wear of the Samine parts presents repairing complexities. 


3.10.4 Hammer | (impact) mill : Bh 

A hammer. milli is preferred for fuelslike bioin pale: ‘peat, oil shales; etc. The line 
io of hammer mill is shown in Fig. 3.23. This is known as impact mill as pulverization 
takes place due to impact. Rotating’ hatnmers witha circumferential speed of 50 to 60 m/s 
strike the fuel lumps and ciush them into smaller Pieces which, eet pulverized by the abrasion in 
the sap benréen the hamimers and. casing: 


8 Wo 


Air + fi ine coal’ 


ek \ i mie primary 
reas air inlet 


Figs 3 23 —_ mill NS ROS 


ais Ny ant The} primary airfan induces air throug ‘h the pulverizer, a flow i - sit that its ie Sal 


AeeOASy ob yligutsg 9 oe mo Lsauent Revi 
, | 5) Lota t eg ike tigi 
} H ‘ 
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dust. The airborne fue] dust is subjected to acentrifugal dust separator to throw SE ad 
* particles back into the Srinding section while the finely divided fuel particles suspen 

bah | Primary airare discharged through a centrally located dust discharging duct. 
. + Advantages : t teh 


'-(1) Itis simple and low in capital cost. 
(2) It Tequires minimum floor area. 
(3) Its operational speedis high. 
(4) Wet coal can be pulverized. __- 
* Disadvantages : fy ; 
(1) Power consumption is high when fine powder is required. 
(2) Its capacity is limited ‘ : 
(3) Care is required to prevent metal scrap entering to the pulverizer mill. 


3.11 Pulverized coal burners 


The function of the. coal burners is to fire the pulverized coal along with primary 
air into the furnace. The secondary air is admitted separately below the burner, around the 
burner or elsewhere in the furnace.-A good coal burner should be able to produce a uniform 
and stable flame with almost complete combustion of thie fuel. A pulverized coal burner should 
Satisfy the following requirements : spl by: ’ 


Mel 
alg 
Oni 


_ (1) Itshould mix the coal and primary air thoroughly and bring this mixture in contact with 
wien , hat 


secondary air to create sufficientturbulence. 

(2) Itshould control the flame shape and its travel in the furnace. . 
(3) Itshould ensure adequate protection against overheating and excessive abrasive wear. 
(4) Itshould ensure completecombustion. .... _. 
The following factors affect the performance of the pulverized fuel bumer : 
(1) ‘The characteristics of the fuel used. .... ' F 

(2): Particles size of the pulverized coal. 

(3) Mixing place of the fuel and air... vatsealne sieht ie 
* (4) Proportions of primary and secondary airs. 

‘(5)’ Volatile matter content in coal. ie 


' 


Monautos Jao ahighav wobiod 


(6) Fumace design. i RITA: 
The classification of coal burners isas follows si: 
(1): -Long-flame bumer. Je ui 
(2) ‘Turbulent or short flame burner; 319 96 RdantotouG 
(3) Tangential burner. sete rode i botalijate no, ar be 
4) Cyclone burner. nie | ' 


3.11.1 Long flame'or U-flame or streamlined burner!!!) "000" 4°» {an.*13) 
The arrangement of long flame bumeris shown inFig. 3.24, The pulverized coal sea 


. 
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with primary air is supplied to combustion sane 
supplied around the burner to form an envelope aroun! a tepnne vitich potted 
better mixing. Hot secondary air is introduced at Tight - g i 
necessary mixing for better and rapid combustion. In this burne eae Sein aeerintestd 
a considerable distance as shown due to which it allows su nit (1 


combustion of fuel. : 


Fey 
Primary air 


and coal N 


Tertiary air = 


2asoxo bre gritycsttavo ett 


soa Fig. 3,24 Long flame burner 


UBT RS 


For low volatile coal, combustion chambers are equipped with’such burners to give 
long flame path for slower burning of coal particles. The longer path provides more timet 
burn andit is required to control the velocity in this zone. Pha GORE gE () 

you bees vs yt 


3.11.2 Short flame or turbulent burner ” an.?13) 


combustion compared with other type. This is generally preferred for high volatilecoals. All 
modern power plants use thistypeofburner. sas De est thche) 


4. 
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Primary air 3 ( 
and coal es Ey at 


Fig. 3.25 Turbulent burner : 

3.11.3 Tangential burners _ heme ame f 
The arrangement of these burners are shown in Fig. 3:26. In this case four burners are” 

located in the four corners of the furnace and are fires in such a way tnat the four flames aré 

tangential to an imaginary circle formed at the centre. The swirling action produces sufficient 

turbulence in the furnace to complete the combustion ina short period and avoids the requirement 

of producing high turbulence at the bumerit self. With this method of firing, high heat release 

rates are possible. s.- 0 5s": Cees Gee 

ies eaten ; ==" Secondary ait Coal and air’ 

i mixture 


_ (Jan. 13] 


_ ’ Fig. 3.26 Tangential burners 
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° Advantages : 3 
(1) Heatreleaserateishigh. ~~ 
(2) Its operation is simple: ~~ ane 
(3) Almost complete combustioncan beachievec. Zt 
(4) Liquid, gaseous and pulverized fuels can be readily burned either 
combination. | Es [May °13] 
3.11.4 Cyclone burner, \ j : ie 


ene : 1} izati d cost of 
The use of pulverized coal involves the extra cost of coal penser, Tea _ 
collection of fly-ash (dust) from the flue gas. In order to reduce these di a ne eie clone 
made to develop burners far the use of crushed coal instead of pulverize ae 8 cect 
buiner is shown in Fig. 3.27. In cyclone combustion, fuel particles are subj 
turbulence by the combustion air supplied and they burn off more quickly. 


separately or in 


| i in gabaoos~ Cooling 
__. Cooling water out 
Primary air _waterin_, 


uel \ Secondary, air 


IPE PIT TIIIITII IEEE LEELA 77) 


‘. 4 TTT LLL eed 
WY ; car eo 
aM : 


‘eo. Tertiary air — 


ott 


- 


LLTTTITTTITITET ELIE) 


Hy / ? Cyclone... 
= : _ cylinder *. ; 
. i Fig. 3.27 Cyclone burner: f 


The cyclone burner is essentially a water-cooled horizontal cylinder located outside 

_ the main boiler furnace in which the crushed coal is fed and fired with very high rates of heat 
release. Combustion of the coal is completed before the resulting hot gases enter the boiler 
furnace. The crushed coal is fed into the cyclone bumer at left along with primary air, whichis 
about 20% of combustion or secondary air. The primary air enters the burner tangentially, thus 
imparting acentrifugal motion to the coal. The secondary airis also admitted t: : 
top of the cyclone at high speed, imparting further centrifugal motion. A sm 
called tertiary air is admitted at the center. A high temperature (2000°C) i 
fumace, with the effect that slags produced are in a molten g 
off. Hence such furnaces are also called slagging type. 


angentially at the 
all quantity of air, 
developed in this 


tatéand liquid Slag is discharged 


Ay lane 
oy. ‘ 
Del 4, 
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°. Advantages : ystems - me: 


(1) 0 bh 
Qh nly crushed Coal is used and no pulverization equipment is needed. 


a eis much of the ash, about 60%, in form of molten slag. Thus only 40%.ash 
GB) It Ves With the flue gases, compared with about 80% for pulverized coal firing. 
Teduces erosion and fouling of steam generator surface due to low ash content in 
i. flue gases, 
S Tis fumace gives best results with low grade fuels ike Indian coal. 
é tcan be Operated with less excess air. 
) High fumace temperatures are obtained., 
e Disadvantages : ‘ 


(1) Higher paces draft fan | pressure is reauited therefore ro pewer requirement increases. 


(3) isnot ab ihrem ; vat lacie ry 
3.12 Oil burners suo yl paneer ae ie [Jan. °13] 


The functions Of the oil burner dre to inix the ‘fuel and air in nthe proper proportion 
and to prepare the fuel for combustion. Generally the oil burners are used for small capacity 
boilers for industrial process heating. The mixing of oil with air is done in such a way that the oil 
could be burnt with minimum excess air for achiexines the maximum temperatures: The oil 
burners can be classified as follows : 

(1) Vapouring burners : In these burners, the oil may be ae or gasified by 
heating within the bummer. These bumers are used in blow torches, gasoline stoves, 
etc. and not used in boilers for steam generation.; 

(2) Atomising burners :.In these burners; the oil may be atomised by the nozzle of 
burner and its vapourisation occurs in combustion space. These burners are used for 
oil fired furnaces and boiler furnaces. hal 

The atomisation of the oil is done in following bane ial 
@ Steam or high pressure air atomising burners 31) &° § 

In these burners, the oil is broken into small droplets by using air or steam under 
pressure. Itis also known as blast atomisation. The principle of working is shown in Fie. 
Re The oil is usually dail under pressure through a ‘eenteal nee Steam or air is 
ee along the annular area between the oil pipe and the concentric outer tube. Near the 

of the burners the two streams are brought together with resultant i impingement and 
isation of fuel. Before supplying the oil to the bumer, it is heated toa temperature of about 
20°C to reduce its viscosity and to improve combustion conditions, This method of 


le and cheap. 


ie 
93°C to | 
atomisation is simp 


pee hhe) 
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(ii) Mechanical burners : PEO 
‘in In mechanical atomisation, the oil is pressurised by means of a positively lisSSSeinent 


Pune or YY centrifugally, dispersing the oil from arotating wheel. Spray, nozzle is used for oil 


Fig. 3. 29 Worktay of rotating wheel — 


injection under high, pressure’ of about 25 to ah bar. The oil leaves the 


form. * 
In case of rotating wheel burners, the oil leaves the’ orifice in the form ofa hollow. cong 


, of fi ine fuel particles due to centri ction. The principle of working of r robs Wheel bumer 
is shown in Fig. Wy) aa : 
; The modem trend i is towards mechani 
_is ess, and less excess air is required. © 


3.13 Necessity of ash disposal ie cialal wrtsigin algae ae a ied Bie” 
' Ash is the incombustible material’ that remains when coal is burn The a a 
came into the body of coal from the original vegetable matter from which coal wag formed. 


yatta 
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See have been ingested into coal during its .scimaneinsie ae" = ~ : 
the ae! coal ae incoal may vary from 8 to 10% to as high as 20 to 50% ear seat 
Bele bs on al. etter the quality of coal, lower is the ash content. Hence for infe: a 
the ash contentis higher than anthracite or semi-anthracite variety of coal. A200 
capacity power plant using Indian coals produces as large as 60,000 tons of ash per annum. 
This quantity of ash is equivalent of a hei ght of 1.5 meters covering four hectares area. The 
ashes have to be discharged and dumped ata site sufficiently far away from the thermal power 
plant because of following reasons : - 
(1) The ash is dusty and irritating. Being easily airborne it causes inflammation in the eyes. 
(2) Itgenerates toxic gases and corrosive acids when it comes in contact with water. 
(3) Itis sufficiently hot when it comes out of the boiler furnaces. 


3.14 Ash handling systems 


The ash-handling is a difficult problem and sufficient attention should be given to design 
ss ash handling plant: The following are the difficulties encountered in the ash-handling plant 
layout. \ ] ices H i 
(1) Transportation of hot ash is difficultas well as hazardous. Hence it must be quenched 
before transportation. The att . ( 
(2) The ash produced is abrasive and will wear out the conveyor parts. Hence a special 
conveyor must be designed to handle the ash. avian, meee 
(3) Itformsclinkers by fusing together in large lumps. They must be crushed to aconvenient 
size before discharging on to aconveying equipment. ‘aciaeen : 
The ash handling problem is further aggravated in Indian thermal power plants using 
local coal due to silica content in the ash is as high as 60 to 65% which causes the erosion. 


¢ Ash can be utilized for? 2°) 28 er sen 86a oy ait ara 


(1) land filling. ALE 
(2)roadmaking. =, ws 
(3) filling abandonded quarries." aN 
(4) manufacture of cement. ms 19} Ges 
¢ Requirements ofa good ash handling plant t dehiny oe [May 713] 
(1) It should be able to handle large quantity of linkers, soot, boiler refuse, and dust 
smoothly., 9) =<. Fey: vend yee. a 
(2) The equipment should be corrosion and wear resistant. ee 
(3) Itshould be able to handle Tequisite quantity of ash daily.» ~~ k 
(4) Ini tial cost, operating and maintenance costs of the system should be minimum, 


(5) It should be-able to handle at hi gh rate in order to'deal adequately with any sudden 
change in boiler operating conditions, sy i 
(6) It should be able to operate effectively with hot and wet ashes, 
(7) It should give better efficiency under all-variablé load conditions, 
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(8) ‘Its operation should be noiseless as far'as possible: 


; Fig. 3 
The iosgenetsh Lagat of the modern ash nencion’ ate eu collection plant is show in Fig. 30. 
‘ : ‘ is 1 i ‘Flue gases 


Cyclone i 
if separator! a 


2 agenda ii 


ied © 


it “Ash discharge eajiipmient 


3 PHT 


: Fis. 3, 30 General seas , me handing and dust nection; plant ne 
3.15 Mechanical ash-handling system 


The arrangement of mechanical ash-handling systemis showni in 
used for low capacity, coal fired power plants. 


oy Saas fatto oy oA 


ves Fig. 3.31 Mechanical ash andting syste a »bteinite 
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‘| "he hot ash corhing froma boiler furnace falls over a belt conveyor through a ap? 
Seal. The hot ash gets cooled on quenching and is carried continuously by the beltconvt Tait { 
ash-bunker or dumpin g site. The ash is carried to the dumping site from the ash bunker Mutts 
the help of trucks, To load the truck, control valve is operated manually. 
* Advantages : 8 
(1) Ithas low power consumption. 
(2) Continuous ash removal. 
= Disadvantages : ; wnat? 
(1) Itis suitable for coal-fired, low capacity plants. i 
(2) The maximum capacity of this systemis limjted to 5 #/h. Ri 
(3) The life span of this systemis only 5 to 10 years. 


3.16 Hydraulic ash-handling system aM 


Coal and Ash Handling Systems : = 


) 


There are two types of hydraulic ash handling systems : 
(1) Low-yelocity system. "9 
- (2)High-velocity system. : i 


3.16.1 Low-velocity system bts - 
iatage gyshanlpeiergietvesy ysia MELA 
iia iy 
1 | 1 1 ! 1 

«| Ash. An |Ash-} 


i 


sae H Sumps.aré used 
i Herd pel Leg pon aaia > gitatiow o alternatively, >) 
‘channels for setting out 


} 


TE onivizwd wow darmoge lo ohsraved laure qin 


wom 


ray ge! ft!) Fig. 3,32-Low-velocity hydraulic ash handling systems: '3.-43).25 8 


The arrangement of low-velocity hydraulic ash handling system is shown in Fig. 3.32. 
In this system, ash from the furnace grate falls into achannel of water possessing low velocity 
and is carried to ash sump. The-yelocity of water in channel is generally 3 to 5 m/s. Inthe 
sumps water and ash are separated. The ash is then loaded into trucks or wagons by mearis of 
grab buckets or belt conveyor and transferred to.dump site. The separated water is used 
again. Theash carrying capacity of this system is 50 th through a distance of 500 m. : 
3,16.2 High-velocity system GF ¢ Hemost @ err Yone 


The arrangement of high velocity hydraulic ash handling system is shown in fig. 3.33 
The hoppers below the boilers are fitted with water nozzles at the top and on the sides. The 
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tpg ESSE pena forthe aeh, The 
top nozzles quench the ash while the side ones provide the driving pane si eile _ 
cooled ash is carried to the sump through the channel of water. The ash isal prs ee na 
the ash sump and separated water is used again. The ash sedi capacity o' 
much as 120 t/h and discharged at a distance of up to 1 km., : 

This system canbe employed in the case of a pulverized coal fired boiler also. 


Furnace 


To ash sump 


SiS aoe 


channels ees i - pasteve Wligoky 


Fig. 3.33 High velocity hydraulic ash handling system 


¢ Advantages of hydraulic system : : ee el : 
(1) Theash handling capacity is high, hence more suitable for super thermal power plants. 
(2) Itisclean and dust free operation, ==! bie ee wie ee 
(3) Ash can be disposed of at a site km from the steam generation plant. *~" 
4); Itcan also handle molten ash. = weenern . hr. 
(5):"There are no working parts in contact with ash. Hence erosion problem is minimum. 
* Disadvantages : °° °°” RS on beedwel ft bctaub ey cy 
(1) The abrasive ash forms corrosive acids in contact with water. 
(2) The water channel. and pump must be made of special wear resisting material. 


Prt 


3.17 Pneumatic ash handling systein's\\.. ©) 0' [May ’13, Dec. ’11, Dec. 710] 


’..The ‘arrangement of pneumatic‘ash handling system‘is shown it Fig. 3:34. Ahigh 
velocity air stream is ditected tocollect ash and dust from all discharge points. The ash from’ 
boiler units falls through the hopper, passes through crushers and drops into the stream of air. 
The ash carried by the air is separated in cyclone type separators and is collected iri‘ash 
hopper. The clean airis discharged from'the top of the secondary air-separator into the 
atmosphere through exhauster. The ash collected in the ash hopper is trucked away fordisposal. 
The ash carrying capacity of this system varies from 5 to 30th. ., RA eT | 
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2 ‘2 Aes ash a well as finely divided ash nada soot can ite handled by this meted 
s Advantages : : 


(1) Itis dust free operation because of all flyashiand< dustis eliminated 


(2) There isnorehandling trouble,:: jovi oii viay oven on j 
(3) Dry ash handling eliminates’ the chances oftash freezing iting or stoking inthe 
storage bin. Jao fateyno fal av act bine 
(4) Flexibility.i in application to suit various plant soinditionss; adh 
(5) Installation cost per ton of ash handledi isless i oe systems 
_©@ Disadvantages 2/0> vo) 9) 20 Osu! Mls tg yonsiot 


(1) Itis noisy in operation. ) 
(2) Wearing of the crusher as well as the pipeline by, th abrasive eash inflicts 
maintenance charge. v , 
3.18 Steam jet ash handling system xe ferrite [Dee. 10) 
In this method of ash handling, high velocity steam instead of air is passed through a 
pipe tocarry off dust and ash particles of considerable size. The ash is separated i in the cyclone 
type separator and deposited in the ash hopper. The ash collected i in the: ash hopper i is trucked 
away for disposal. FOWUNT OR BTS Wieser yond Gill) 
» Advantages: hep se in,* 9 pee 
(1). It does not require anpansbecyddve, ‘ eis tegss innately LOL 
(2) Less capital cost in comparison to other systems;,;: ‘ 


ppe16_10 a 
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~~-~-(3)~Space requirement is less. -- a ee : 
(4) Itcan be installed in an inaccessible/awkward position also: 
(5) The system is economical for ash disposal through 2 a horizontal, ‘distance of 200 mand 

vertical distance of 30m. a 

* Disadvantages : | 
(1) Itis noisy in operation-~~) ' ‘ } 
(2) Erosion of pipelines due to abrasive : ashe). Nine / 
(3) Capacity of ash handling i is limited to 15 t/h. 


3.19 Dust collection and its disposal | 


The fle gas ektiaust of pulverized cal fired boilers contains ca Sigedh onic candles 
80% oF the ash in the coal. They are-so fine that most of them pass through a 300 mesh (40) 
screen. They are an environmental hazard from the point of view of human and animal health 
and crop growth. Hence theirconcentration in flue gas must be brought down below 0.5 g/m! 
before letting it out free in the atmosphere. Thé basic difficulty in eliminating the flyash is their 
fineness that escapes removal. The size of thie particles varies from 1p to 80p. 

The ash percentage in Indian coals is as high as 25 to 50%. A 200 MW capacity 
power plant using pulverized Indian coal as fuel discharges as large as 250 tons of fly ash per 
day with the exhaust gasesif itis not ‘jemoved before exhaust. Therefore, it is always necessary 
to clean the gas streams Contaminated With particulate matters before the ee is er to 
the atmosphere. 

The basic requirements fora good dust'cOllector-are as: hve 
(1) Itmust be able to remove very fine flyash particles.:'1/(5%2:! "1 at 
1,2) ‘The operating and maintenance chargés should be'as ise as posibe 
6) It should have low capital cost. Me 
(4). Itshould be wear resistant to erosion problem inflicted i abrasive fly yash. 
" () Itshould occupy minimum floor space! fos 12 sot ise: : 
(6) It must operate athigh efficiency atall we on tig power Ci ‘ 

3.20 Mechanical dust collector 


The mechanical dust collector can beclassified'a fisOW es : 
(1) es type mechanical dust collectors 

{02° »-9¢(i) Gravitational separators 
i) Cyclone Separators 

® Wer type mechanical dust colléctors 
-@ Spray type scrubbers, “* 
i) Packed bed scrubbers | 
(iii) Impingement type separator 


3.20.1 Gravitational separators 


avinis cuttin  TuunST 
The gravitational Separators:work on the basic princip| 


{ 
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is shown in Fig. 3.35, 
gas is expandedin a duct, 
articles as shown i in Fig. 3, 


_, Ifthe dust laden 
allow to fall some dust; pi 


the flow velocity will drop a hal will 
350) 


149 ¢ 


Abrupt change 
-in flow direction © 


— Clean ' 
gas 


ititutes 
(40) 
health 
5 g/m3 
S their 


dacity 
sh per 
2ssary 
zedto ! 


& * ; Fig. 3.35 Gravitational separators 
If there is abrupt changes in the gas flow direction, it will bring about some atesiras 
ofthe heavier dust particles as shown in Fig. 3.35(b). 
. ~ Placin g baffles in the path of dust Jaden gas will bring down some hema particulate 
Lf : 


due to loss of kinetic ia | upon ptr Ra shown in Fig. 3. eases 
» Advantages : : : i 4 
(1) Simplein arrangement. bro! 2 
, (2) Capital and operating costs are less. 
vantages : 

(1) Itcannot remove fine dust pale: Only large bized and heavier particles can be 
“Temoved, 
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132 pa Wan 
20.2 Cyclone separator 2 goat ela 
3 <i ; Mate separator is shown in Fig. 3.36. The dust be eee bi rath ee 
is all wed ‘haa conical shell tangentially setting up . imc! a ese 
ane casts off heavier particulate solids by imparting to them 
whi 


ion. icle: 
ical lis passed through tl e inn ex for inal dust separal i St particles 
the conical shell i he inner vortex f tion. Dust 


tedout. of 2 oie ii df " 
collzeted at the pot Ee aon ily used with stoker and with pulverized fuel fire 
he cyclone separators are commonly BSET INT to 95% depending on the 
shaken tte oliectod efficiency of this system nee ae = los 
size of the dust particles and the pressure drop across the cy 
j tas Outer vortex 


\ 


win] 


Inner vortex 


Guard tube 


Dust laden Outer vortex ~ 
flue gases in ¢ 


Inner vortex 


- Dist particles out by centrifugal force 


Cone / 


7 


- °Dust'particleg Pw CL A 
peg Sl Fig. 3.36: Cyelone separator: 
° Advantages: |. sa oabacs,, NOC a i 
» “(L) Efficiency is higher for bigger size particl 
(2) Maintenance costis low.) 1. ic reat 
(3) Itis simple, cheap and easy to operate. 
(4) Its efficiency increases with increasing the load. 


Shes 


* Disadvantages : ° oe 

tell ltsefficiency declines with the increase of fi A 
(2) Itrequires more power'to produce very hi 

“ 3) Itrequires more space, . a he cies 

(4) The pressure loss is comparatively high. Cee EGR aM 


‘ 


neness of the particles, 


: a ANGIE GG 
ery high vortex velocity of the flue gas. 
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and Ash Handling Systems 
10.3 Wet type mechanical dust collector 


The working princi 
1 : ple of 
lector is also known as Gas aweedu 


Spray F 
nozzles , 


Dust laden —> 
flue gases in—=. 


» y Effluent 
z cut Spray. 
7 water in 


Vi nee Fig. 3.37 Wet. dust collector’ * A 
; The dust laden gas enters the vertical chamber tangentially near the base of the scrubber 
and swirls upwards. The flue gas comes in contact with a heavy dose of water droplets sprayed 
through centrally located spray nozzles. Dust particles absorbed by water droplets get sticky, 
| conglomerate and drop out and collect in the dust settling tank at the bottom. The clean 
overflow liquid from the settling tank is recycled to the spray chamber. \ 
To minimize corrosion problems, the tank is lined with lead, the pipes are lined with 
"rubber and spray nozzles are made of vitrified materials. The efficiency of this type of dust’ - 
collector is above 90% but large water consumption and corrosion problems make this method 
less acceptable in power plants. we 
3.21 Electrostatic precipitator (ESP) _ (Dec, 713, Jan. 713, June *11] 
Itis an electrical device to precipitate suspended flyash and dust particles from the flue 
gas by ionizing the particles in an electric field and collecting them subsequently on oppositely 
charged electric plates. It was first introduced by Dr. F. G. Cottel in 1906 and was first 
economically used in 1937 forthe removal of dust and ash particles carried with the exhaust 


gases of the thermal power plant. 
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‘9 7'Dust collecting plates 
Perey charged 

plate... 


Groundéd 
cylinders 


——_— 


Clean flue 
gases out 


High voltage, ais ys 
transformer 


* Colledtini ~ 
a electrode 


: ANE + Cilldetoeh % 
sedan diet 
: Fig 3.39) General arrangement of electrostatic pl cip 


itator 


uel o 


‘The working principle of. elbsithy static precipitatoris illustratéd i inFig.3 38 and dea 
arrangement of all components is shownlin Fig. 3.39. The bale components of the electrostatic 
precipitator are : sé 


ha High voltage sourte (440V, 50Hz,3osupply) 
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y | first set Consists of 


Mn 


oul 


Voltage transformer ee TREE 


electrodes. Th 
emitting elect 
unidirectional 
DC source, ¢ 

: When the dust laden gas is passed between charged wires and grounded cylinders ® 
this gas becomes ionised as the voltage applied between the electrodes is as high as 30,000to® 
100,000 V. The Magnitude of applied voltage is dependent onelectrode spacing. As the dust © 


help of cams driven by external means, The removed dust from the plates is collected in the“ © 
dust hoppers. teh natin vinhoanen HkirmceIoGhoInaa are: OLE 
If the size of dust particles is high, ESPis usedin combination with cyclone separator. 
he ESP has a high collection efficiency of the order of 90% and above.! vasujri iui NEL 
The electrostatic precipitators are extensively used for removing flyash from flue gas in - 
oal fired thermal power plants., = ; ‘ é 
Advantages : t 
(1) Itis the most effective method to removeivery fine partictilatés;as 
which escape removal by mechanical separators}\Vj :*.) 2: 2210! 10! 
(2) Itis very useful for high dust loaded gas. Flue. gas.containing 
100-g/m? can be effectively cleaned,.,.».:: t 
(3) Dust removal efficiency is as high as 99.5%, 
(4) Its operation is easy and smooth?» 4.33, 
(5) The draught loss (pressure loss) is minimum; 
(6) Itcanremove both:wet and dry dust.. 
Disadvantages : 8 
(1) Its capital cost is high. Lou Styl 
(2) The running charges are high as the‘amoui 


i 


ASS 


O.01i,* 


10% eh} 


dust patticles as high'as “ 


considerably. large: s+ 5 foi 
3) Its removal efficiency drops with the incre 
es It requires more floorspace; . «1 id 2 
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3.1 Whyiscoal-handling system called lifeline of the coal fired power plants ? 
3.2 What do you understand by out-plant handling of coal ? 
3.3.!' Explain different modes of out-plant handling of coal with limitations. "a ah) 
3.4. « Why is coal transportation by road suitable‘only for small capacity Mi a Mth 
3.5. ooWhat ate the advantages and disadvantages a coal transportation by pi P 
3:6, Why is coal storage Tequired ? ? sata 4 | 
3.7ic:oJustify : the large amount of coal storage is undesirable. 
3.8 Whatis dead storage of coal ? Explain different methods of it. 
3.9: },What do you mean by live storage of coal ? ? jeri 
3:10, Why mechanical handling of fuel is necessary ‘in power r plants ? ae 
3:11: Explain the-vatious steps involved in'in-plant coal handling. erttts D622 
3. val si es the following systenis used in'coal transfer?’ ‘ca ania tes ot 
«(1) Beltconveyor!* "~~ (4) Grab bucket elevator i ‘i ' siioatton) 2gtela oxi 
as © (Q) Screw conveyor'* <2 :'°(5) Skip hoist, and | Hs ata gantoinag 
1. (3) Bucket elevators’ ‘; (6) Flight conveyor Viger teas a heen 
iad 3: Explain in-plant handling of coal with neat’ ‘sketch.’ : 
3.14 ‘Explain various outplant handling and inplant | handling systems for coal i in brief. 
3:15 ; Give advantages and disadvantages of stoker firing. : 
3, 16 5 pane i sesh of nan air, eh ga air st tertiary, ait in combustion of 
‘sfuely < i 
3. 7 ‘Whatis meant ‘by! Moverfeed” re Pundit eae of coal fing, Give the Bees 
ciscand disadvantages of each. 
3.18 Explain the traveling grate at with the help of neat sketch- | 
3.19 Explain the spreader'stoker with the help of neat sketch. 
3.20; (Explain the following underféed stokers ::: Bad 
(1) single retort stoker, (2) Multi retort stoker.': 
3.21;:What are the advantages and disadvantages of pried coal fing. 
3.22 Explain the two stages of coal pulverization: ' 
‘,, 3.23 Why is pulverized coal used in power plants ? Explaini its advantages 
3.24 Compare pulverized coal firing with stoker firing, 0. j as 
3.25 Explain unit system of pulverized fuel handling with neat asta? yy al 
"3.26. Explain bin (central) system of pulverized fuel handling with neat sketch, H 
3.27 Write short note on ball mill for coal pulverizing, - sinu rh 
3.28 Write short note on Ball and race type coal pulverizing mill, }¢) <1 joo vc: 
3.29. Explain bowl mill of coal pulverization with neat sketch, 


3.30. Explain hammer mill of coal pulverization with advantages and cndvaages. 
3,31 Explain the following pulverized coal burners : ib yobs wills 


(1)Long flame burner ‘(2) Short flame burner. (3) Tangential burner: ) 


eas 
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; 5 Spandash Handling Systems 
“3.33 be short note on cyclone bumer.:) © ‘ 
Saee iscuss cyclone burner used for pulverized fuel with neat skete av s ; 7 
3.35 Xplain slagging type coal fired bumer with advantages and disadvan e sin 
Sap Explain mechanical type oil bummer with neat sketch. a a 
3, a4 Explain necessity of ash disposal. -; . indee ove 
‘37° State requirements of a good ash aiomeiank ' a ego (ay 
3.38. Classify various ash handling esta cane pneumatic and steam ne ash handling 
system. 5 Tao Ri? 
3.39 Explain mechanical ash-handling system with neat sketch. jilorsdt 
3.40, Explain the pneumatic ash handling system with sketch: ; 
3.41 Explain low-velocity and high velocity hydraulic ash handling system with neat sketches. 
3.42 Why dust collection and its disposal is required in thermal power plant? | [ 
3.43 Explain dry type mechanical dust collectors with neat sketches. 
3.44 Give the classification of dust collectors and explain wet dust collester, with sketch. 
3.45 Explain the working of electrostatic precipitator with neat sketch. 
3.46 Write short note on electrostatic precipitator with sketch. )/:,; 


1, The transportation of coal from ____ ‘is called outplant coal handling, 
(a) dead storage to live storage” ales @): mines to power plant 
(c) live storage to boiler furnace‘ "" “@d) dead storage to coal preparation plant 
2. InIndia, the coal supply to ) POWEr | “sla is mainly’ by following mode of transportation. 
(a) waterways “(b) highways’ ©) railways @) a he O16) 
3. The following period o “oa storage is more advantageous : ‘ 


eal 


(a) 15 to 30 days fic Hw side 6) 30 t0'90 days 
(c) 90 to 120 days “(y'120 to roe es BIBS 

4. Coal preparation can be comer by 142 : 
(a) crusher (b) driers '’'°"“"(c) magnetie’ separator oe allot nf the above’ 


5. The following isnot a characteristic of belt SOS : : 8 
(a) Its maintenance costis high. ; Aastaasd spo deh OT 
(b) Itis suitable formedium and large powe Ske brant 
(c)Itis not suitable for short i starices 
(d) Its speed varies from’ 1S tO Bits! 89 
6. The following conveyor is extensively used for Vertival lifts ‘ 


.(a) belt conveyor (b): screw i ll eS 

(c) bucket elevators @) flight conveyor!" ‘ 
1. methiod of firingis is Taott Sean for coal having hi: ih volatile matter !' 

(a) underfeed stokers” (6) Overfeed stokérs "102" =! (alriows ( 

(c)hand firing (d) all of the above 


4 
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_.__airis supplied se 


separately to complete the combustion. 
a) prim “0° *() secondary ats 
Oe me (d) none of the above” 


(c) tertiary!” 
The following is not characteristi¢ of pulverized coal firing +‘ 
(a) Pulverization brings about a large increase in surface area 


(b) less excess air is required for complete cornbustio : 


wig antl 


Watts ” 

sper iit mass of coal. % 
et + VW 
ats ae) % 


11 (c) Palverized coal burns'on grate. ye nian any vier i aaithte 


10. 


ul. 


(6) It works on the principle ofi ‘impact: 


1s: 


15. 


16. 


* (a)landfilling 


“17 


18, 


“(©oilbuming (d) all of the above 


; @ Long- -flame burner 


(d) Itcan be used for large capacity power plant. 
The following statement is not true for ball mille 0d 

(a) It is one of the oldest pulverizing ‘mill.(b) Itis simple ea aid a in in Cost. 
(c)Itis larger and heavier in construction. \(d) Its operal ng pes 1S: wee 
The following statenient is trué for ball andrace mill’ Tey 


(a) It has low power consumption. « 


i 


(c) It is not suitable for pew leat 
(d) Itis higher in weight.“ : 
Long flame burner i is suitable for 
(a) high volatile coal 


The followingis called slagging, type bumer: 
(a) Long-flame bumer,-.; - 
(c) Tangential bumer, «...: 


(c) Tangential bumer 
If the silica content of ash gher, ¥ what trouble will origin: 
(a) the greater is the corrosion problem. 

(b) the greater is the erosion problem. re ben 
(c) the greater is the erosion and.corrosion problem P 
(d) generates toxic gases. 4, 

The ash can be utilized for 


(c) filling abandonded Gvaiies a) all of the, above F 
What is the main limitation of the mechanic ash ndling & - 

(a) Ithas high power consumption. mshi ‘l : stm ‘ 
(b) It can not remove ash continuously. 
(c) Itis suitable for low Wrench coal fired lants o 

nl 

(d) all. of the above,, Ba a i 
Erosion problem is minima, in. 


S¥OGR SH To fh fF 
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Soa and Ash Handling Systems 

bs 2 mechanical — (b)pneumatic (c) hydraulic RB 
' e size of the fly-ash particles varies from _____* aS 

(a) 1 to80p (b) 80 wto 100p (c) 100 p to 150 p (d) 150 1 to 200 mi q 

20. The followin g statement is not true for electrostatic precipitator : Bie 

(a) Its capital costis high. ; 

(b) Its dust removal efficiency drops with the increase of gas velocity. 

(c) Itis not suitable for high dust loaded gas. 

(d) It can remove both wet and dry dust. 


Answers 


1.(b) 2.) 3(b) 4) 5a) 6(c) 7@ 8b) 9%) 10. (d) 
11.(a) 12.(b) 13.) 14.(d) 15.(b) 16.(d) 17.(c) 18(c) 19.(@) 20.(0) 


~(@) steam-jet 
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4.1 Introduction to draught 
4.2 Losses in the air-gas circuit of boiler 
. 4,3 Classification of draught, = = cst einiteaaest TL 
4.4 Natural draught aS a : 
4.4.1 Estimation of height of chimney 
4.4.2 Draught in terms of hot gases column wetyierit 
4.4.3 Diameter of chimney 
4.4.4 Condition for maximum discharge through a ee 
_ \4.4.5, Draught. at maximum discharge 4 
4.4.6 Efficiency of chimney 
4.4.7 Advantages and limitations of. chimney or natural draught 
4.5 Mechanical draiight ; : j 
4.5.1 Forced draught Tos a habio bad susirit 
_ 4.5.2 Induced draught 4 2 
» 4.5.3 Balanced draught; :stiie we) i Ha STE SE ra 
4.5.4:Comparision between forced and indice draught om motounane { 
4. 5.5. Power requirement by fans \i9:i.:60:°"2 
4.6 Advantages and Ga aes of mechanical draught over, - natural rhe 
draught’ 
4.7 Steam jet draught, . .., 


4.1 Introduction to draught #9 Ghee) 6 Soko tigre son [Dec. 711] 
i Ina boilerthe combustion of the fuel requires to supply'sufficient amount of air and 
removal of exhaust gases and this is taken place by draught system. 

Draught is defined as. “the pressure difference (between absolute gas pressure at 
any point in a gas flow passage and the atmospheric air outside the boiler) required 
to maintain ‘flow of air ‘and exhaust § gases through’ the boiler setting.” 
Function of draught':*''008))#.0 iu: ai 

@ Tosupply required quantity of airto Ke boiler furnace for the ahunbastibn of fuel.’ 

‘ @)‘ Toremove exhaust gases from the boiler passage to'maintain flow of air and gases. 

» ii) To create pressure difference against pressure losses in the flow passage. 

‘udv) To discharge the exhaust gases such that they will not itobjectiofiable or Bie sie) 4 
the surroundings, Z 


4.2 Losses in the air-gas circuit of boiler ! : 
As we know that draught is nothing but pressure difference required to necessary to i 


% 
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ssure losses in the 


142 re: 

ome the 
“accelerate the burnt gases to their final vl and to wer * P Tt: ; . 
boiler passage. a te 


: ie \ 
, the gases a 
Draught= [head required to edits i ie in the path of flue gases] 


i, =0h, 140, +h +hgl : ct Ugg Ft ON 


where «h, =total draught required or total loss 


h, =pressure loss due to gas exit velocity from the chimney 


h, =pressure loss on air side 
= sum of losses in air side as air preheater, dainper, air ducts, and furnace bed. 


= pressure loss on gas side jon antares 4 
= sum of losses in gases path as sirpttennat see er) economizer, gas side air 
preheater, and dust collectors 


hy = = pressure losses in chimney and gas ducts due to friction. si ; 


Pressure loss in furnace bed or fuel resistance : The prea ee in furnace bed depends 
‘on fuel size, bed thickness and combustion rate. ia 

Pressure losses due to equipment in air and gas sides : These loaies spats on ‘the size 
and obstruction provided in the flow path. The manufacturers usually provide data for equipments 
like superheater, reheater, air preheater, economizer etc: These losses follows a parabolic law. 


Pressure loss in chimney and gas ducts’: These loss depends on co-efficient of. fri tion of 
2 


, Surface of duct and chimney. The frictional loss is given by.hy = on 


efficientof friction, /= length of duct, V= velocity of gas, D= diameter of oct Dey yt A 


where f= ‘cO- 


Velocity headiloss: hy pa! Thi flue al jeans the blihaeied it peepee some amounl of 


Ct When ryt 


72. 
velocity to diffuse and mala the atmosphiie ait! This loss i is given \ares 2g? » where NA 


ieee of flue baniy leaving the chimney. The velocity head depends on the air velocity, of 
outside surroundings. The velocity head require at outlet of chimne is larger whe 
of outside air is higher, .. a Hite _— " ~ ei 
‘The various draught losses in cireent 
of boiler are measured i inmm of wa 
with help of manometers. To get accurate measurement inclined type manometer ig a 


which one end opened to atmosphere and other end is con 
nect 
passage where draught is to be measured, ied to the point inthe air/gas 


\ mihiod 4 BG nis vamsenhit seh anh pa ieee 
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Draught System: 18108 
4.3 Classification of draught 


\ 


The detail classification of draught is as follows : 


6m 


Artificial draught 


= Mechanical draught~ 2 
(Produced by fans) 


hrins be avert 


| Forced 
~ draught fan 


-) | “Steam jet draught A] ! 
1 ui] (Produced by jet of steam) 


y 


Induced 
draught fan 


Mis] 


ott C 
of 


4.4 Natural draught 


ew 


The natural draught is obtained by the use of chimney. The chimney in the power plant 
performs the following two functions. ABR SUL AAO NETS = 9’ - : 


(@) _Itproduces draught (create pressure difference) which required to force airand. 
gases through the furnace, boiler accessaries and settings. 


(i) It carries the product of combustion to such a height that they will not be - 

objectionable or injurious to surrounding... 4.) — (As ye a) 
The chimney is vertical tabular structure build either of masonary, concrete or steel. 
The draught produces by the chimney is due to density difference ‘between the column of hot 


Consider, a chimney height H above grate level as shown in Fig.'4.1. 


fi ostiteh 1* Buz Pressure at grate level (chimney, base); ty tiqiofi te motioned EA 
; P= pressure at top of chimney * 

‘yn. When fire is not lighted, the chimney is filled by atmospheric air,the pressure‘at prate 
level is given by ie enodqeors brs 2o2a9 jon le motmeqniay 
P, = Pz +pressure due to atmospheric air coliimn of height a 

” Pl =P, +P,8H eae as 
la 5 fetid iW shient ged oultto onnsiacisd opulaerin = o(4.1) 
where. p, = atmospheric air pressure, p a: density of atmospheric air 
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Flue gasesout’ = hat eacinnitioaisp ligige ot 


2 


Air’ Preheater Economiser 


Base 


~ Fig. 41 Natural draught 


When the fire is li ghted. upon the grate, the hot gases 1 
the flue’ gases passage, the presslire at the grate | leveli is given by 


will fillup up the. chimney as well as 


Popa 
$ 2 t 


— +] pressuré 3 due to the fiot flue gases column height’ of aninniney” 


P= on 
2 Hi iy fevishs 4.2) 


~ Py ae oer 


where, Py F = density af hot flue ie gases. ia 
Now, net pressure difference at the grate level“: 


which causes the flow of gases.’ The e pressure difference 
called as static draught. . 


4.41 Estimation of Height of coil < “ Dec. 13, Si an. 13, June 11) 


The amount of natural draught produced bya ota went depends on height of chimney, 
pane of hot gases and atmospheric air. yisvig St Lyeie. 
\ Hi 


Let, = absolute, temperature corresponding to 0c, 
r = absolute temperature of atmospheric air, K. , 


= absolute temperature ct acs gases inside the chimney, K 
cccimenpeen § AqeomIE= grat 
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(Draught System © 
m,= mass of air Sas to boiler (kg per kg of fuel [ae 


m, =mass of flue gases (kg/kg of fuel)| * -- 


m, = mass Of fuel supplied = 1 kg (assumed) 
Aswe know that mass of flue gases produced i is ae tosum of mass sof air aes ai and mass 


of fuel supplied. 
ouN worl: sulmg |= Mg A Lit(ee mp =Lkg): 


y 


Now, volume of air at NTP is given by 
m, with m, X 287x273 aie 
ohm Te =0-17326 ma. f 

"Po" '1.01325x10° 


Volume of air at atmospheric condition ( Po ane Tq dig 


_ Ig RT, 
a> Po 
2th 
m, RT, 
But pp =—2—2 Vy =VoXr . 
0: Via x= : 


= 0.7733m, X= 
>in, m, {'f 
- Also, density of air Pa =, = 07733, 
E : +1 +1) 353°: 
density of flue ae p, = eS = y+) 8 pal ec ia x 353° 
Pu. wiifos yy 10 eae Nope 


The value of 9, and Pg putting in equation (4.3), we get aah sais pressure difference Apin 


N/m?, a ite ‘ 
vd movin cio sts ne ote dguord eniwonl aeusg ito e agntt otk 
; 1 1(m,+l +1) 2 : 
Ap =353gH | — -— Nim® a\xh OA SG ow ' 44 
‘ &, T, m, . : ; wel S ) 
The presaiye diffetence Ap can be eked m terms Of int of" water éolumii (ey ). 
vanenitiotusiontt site 3 PeZ6¢ sfVie yes} 
Ap= Py8hy, Sh ah is a 
__4p afl a 
(Tay Ry ” Py m of water column -—fP = Bn of water column 
1000xg ¢g! 
M_PPE16.11 
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at Drau 
= rR: ya} Tlineed They 
+1 vt crt 
oh, =353H aie ila of vite column ; 
yay fe eta sf) 
Thus; we'see that the height ofa chimney determines the draught whichit wl vie pepe 
the given conditions of atmospheric air and flue gas temperature. 
The Ap can be increased either by increasing the height of the chimney or stlowing the flue 
_gases to go out of boiler at higher temperature. : rhe Aye ug ta ornilon Woy 
_ 4.4.2 Draught in terms of hot gases column; =. P it 
Assuming that the draiight “Ap. es is ; equivalent to. H 1 metre height of burnt flue 
‘ gases ee hey SN 
oe coe 4.4. 
ee (4.5) 
RS AS\ 
From equations (4.4) and (4.5), we et ak 
5 a ee a Ve A gee 
eV) lm dT) 953" 8 = gt) IE 
3s3get| 2-2 (matt 2) mat 58 4! a 
TT, | Mant) Ta. ie casa catia afi area 
aol m,+1 Eve 
DTaP Dtesne cena Ne 
_ Fre 
“4.4.3 Diameter of chininey 
The mass of the Ses flowing through pny’ cross Goes af i ee is given by. “ei 
(AB), m, =p, AC, kels wit) Pm ees et % 
2 Sa a wth me Tt 
where, A = 
aia a? mai rane er aM, i sineesiqeart qu 
wees oy 
C= ratte of flue gases Passing through iain ss 
nulo tia 7 Ale ae a ait 
mg aid = i RAG ats ve ep ey oe 47 a 
«1004 Pog gets 4.7) v 
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The velocity of gases a through chimney is given by. 


c= 2a) vk oe eee 


where h’ =head loss in the chimney in terms of metre of fhe: easts cofadhn: 


C= a ee at Pee 


where K = 4.43 1- 7 =constant i 


Ke :0. 825 for chimney, made from briks 
" K=1!1 for chimney made from steel 
444 Consition for maximum discharge through a chimney - 
(ee. °13, Jan.’13, June’ 12, aghe'tt} 
As we know the mass of gases flowing ee the chimney , Res 
=p, Ac 


Also, velocity of gases C =, [2g(H, - 1,7) and density of flie gases p ee al 
& 


Pe ene! 2 ao Heh): mers ub i 
ang ae 29(H, -h) ; fe lens me 

8 ‘ ties \ ite i yy 
Neglecting pressure loss in the chimney h’ = 0 : 


Dp ae $6, 2s 
=A-¥28H Br ; be tt (4.8) 
ae ean 


_ From equation (4.6), H, = H ( a. 
' m 
; a 


(4.9) 


: ad Mkvuke oe : 
The mass flow of flue gases is maximum when vil =0 as T,,A,p,R,H, and mg are fixed 


aa ole we Seen. 7% ae ‘ MS iy at 
quantities. \ i. 3 2 
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sy VF D 
ag MOVIES E 
Cl 
a’ 
ai 
E 
D 
Cc 
] 
| mo HRS A = yt 40) 
Above equation (4. 10) is the condition of maximum discharge through the chimney. q 
4.45 Draught at maximum discharge |!~ <9) "==. = 3h (0s) ae toupee 
at . T. a geek res pe 2 a ‘ Me doe 3 
The condition “ = { - of maximum discharge puttingin equation (4.6) we get 
Cy: a a 4 hat hd pall ae 
m m, +1 : : 
Hy), 4, = H|| —* |x2} 4 -1l)= -lj= 
(Ay nax Gen mt, j A[2-1l])=H 
wu : 
Re ey eee gt  O Ven gig pnt Rate ai, io woll eared 
and hy max rSS0E perl ae mm of water oe 
: ane Hf 
4,4.6 Efficiency of chimney Cy ie: ee, ae | 
3 } | yf 1 ‘ % 
a fith ds wat Yay Behl yf Lat! . beam 
ets The natural draught in chimney is produced by density difference between outside ait 
ue gases. In order to get sufficient draughtata given height of chimney, certain minimum 
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temperature of foe gases is needed to get density difference. This indicates that draught is 
created at the cost of thermal efficiency of power plant, since a portion of the heat carried 
away by flue gases to produce the required — could have been ans either in heating the 
air or.feed water. 

A . _ Draught sirédioed By chimney in terms of energy 
he a "leh Heat of flue gases utilized by chimney to create draught 


T, 
—£ _{| metre of flue gases 
+1 )T, : 


Do2L8 
Now, etntht cree by chimneys (a= H [as 


f 


det bir 
column "’ 


i 

q 
og ft 
“ , ™ 
ie 
+ iS : 
GES Se 
aes 

L 
| 

a 


Heat of flue gases utilized by chimney tocreate draught H, 
& =Cp Cf, ae , J y 
Gieficre T, = = temperature of flue — when chimney used tocreate draught 


i. = = temperature of flue gases when chimney not used to create emght (attificial 


draught is used without loosing heat enerey in flue gases) .; 


c = specific heat of flue gases 


ll) 


The efficiency of inineyt is directly proportional to HL ‘The ficiency of chimney is less than 
20% ‘i : 
4.4.7 Advantages and limitations of chimney ¢ or tural draught: \ : , : 


Advantages : 
(1) Chimney draught does not require any external power to produce Sepsis 
-(2) Simple in construction; less cost and has long life. 
(3) No mechanical parts and hence maintenance cost is negligible: 
(4) Chimney keeps flue gases at a high place in the atmosphere" which prevents the 
contamination of atmosphere and maintains the cleanliness. ‘ 
Limitations : 
(1) The draught produced by chimney depends on height of chimney, atmospheric air 
temperature and temperature of flue gases leaving through the chimney’Hence, in 
order to get appropriate draught at given height of chimney, the flue gases have to be 
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peratures resulting jn the reduction in overall 


feleased by the fuel is lost to the flue gases, 
ee it oe 7 ene water and air which fe Cabal) 
(2) ies aha pressure available for producing natural sr aed 
10 to 20 mm of water. Hence it is only used for very smal = lth 
x6) Draught created by chimney isd pendent on atmospheric it ieee ees 
“VF nce thereisno flexibility to create more draught under pe: . ene 
draught available is constant for given hei ght of chimney. The ee em 
:», byallowing the flue gases to leave the chimney at higher temperature. 


the thermal efficiency of the plant. 


Drau 


discharged at comparatively high tem, 


flue gases high in the atmosphere to maintain the cleanliness of atmospheric air. 


yc 


Solution : Given data: h,, = 2cm=20mm of water column, om =,300°C = 573K, T, = 


33°C = 306K, (m, +1) =24 kg/kg of fuel burnt, D= 1.75 m, H=2, my = (kg/min) 
‘ Ps Crude ive ae See 
(i) Height of chimney ed 


The draught produced by chimney in terms of mm of water collimn is given by k 

i ivonertt ,eooio tu sil Uo Mgrroingaaig vise wis BE VOrusieio Fo wore { 
1 If{m,+tl ae aoe a 

h, =353H T. isTe| = ~:{|,mmofwater, ee Bee $ 
al @ Mm, Llegiya Tah PCaRyey aa ehey hi oT SE UMS EDEN 7 

iors §5) egy ey 2VJow! Utsssereg , a iste at reoreee 

S20 5S8A|——— eee 4 stn Le 

ie “523 (| te Mabel = 24 kgs) m=: f 
ran EISP einen Sateadl bas ahr 


ae fg 2780 nn 
Draught produced by chimney in terms of metre of flue gases column is given 


Tris yy Sey seassepntly yet byay VE Oo) 


Hi . m } f F SNDGiG tHe \ se 
, A, =H, 1 Sole oni Yor vias TER EEE SUES SIE eG 


TTS ae 
i | WIE oe O Sjerinay : eh 


TUE fea vy 
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23) (573 . te Vala 

= 39.158x x 1 }- = ti KEN 
cmyasoasiel ae] helt 

= 31.112 mof flue gasescolumn 


The velocity of flue gases’ c=% ‘2eHy (ifno iss) 


1 C= NORD BIKBIAID = 24-71 gO 


suDensity of flue pase: ie 68.0 DC). 22 \ ) 

‘3 wale Mg HIN S353 se Jone aN Re Mees MOT an GE Resa asldar’ 
un sbigues orgy tg a ake 

\ eben Ma sjaTe Sey Gh woke yi) ene ot... oP) ; 
__ Now, ms Sees Figuy sate of fling Bases fe ¥ A: C 08H: nish tavic snot 


my = 0.643% ra 75)2x2471 = 38.207 kg! s'= ey kg/min 


Solution : Given data: H = 26m, T,:=30°C = 303) =300°C:=573K;: 
kg of fuel, h,, =?,C=?, = 50% ott drug 5 o PHT ES 
‘@) Draught in mm of water Si a ls 
The draught in mm of water is given by ie a 
i" \ J ompate = 1f 
“Ta o1 (mt ‘oo b wt 
h, =353H a 2—|| mm of water 
t a T, mM, | P+Rthau HA ae 
; PTOCKE SWS | AE ROR KS = VY 
1 (20+1 ae 
= 353x 26x —-— = 13 ter he tee as 


ai) ‘Velocity of gases passing through chimni ey... hens . 
The draught producedi in terms of eae ofa. column of af the flue ees in mete is given iy 


A OLE ten CE = A os ‘a inh gov + aovalod 
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NE 
H, =H||—*|4-1 
m, +1 T, 


; 20 ) 573 |; ia 
= -1] =20.83 mof flue gases column 
a6» ( 3395) Ses 303 20.8201 N 


The velocity of flue gases passing through chimney is given by 1 ; 


C= ,[2g(Hy —H) = f2*9.81x (20.83 — 0.5x 20.83) = 14.29 mis) 8 Ans 


Solution : Given data: H=30m, T, = 288°C= 561K, 1, = 21°C =294 K, mg = 18 ke/ 


kg of fuel,C=?, hi =0.5Hys T=? (for maximum discharge). 
@ The velocity of flue gases _ ue 


‘esDraughti in terms of mof: flue gases” he 


Fries ‘spl (ttiacontan ke as as S61" sea celts 
H, =H|) —*~-2- jl —— |x—— ils 
s 1 aa -i|- en isi) "294" = 2423 mot fue gases 
moot) f h 
h 4 ‘ " 


ai of flue gases 


=/2¢(H, - yEy2x9 BIx(O4: (23 -0.5%24.23)'=.15; 42 miso. Ans 
wo The temperature v flue gases for. nnaximum discharge,‘ .- - 
The condition of maximum discharge is given by aati 


ce my tl ‘ i Ne aisha Hl a 
Tm ee Ying eo 


Lae oy » | i 
T, =2x(Q04)x{ HOE 3 *) = 62067 K= 34767C Ans 


‘ 


Solution : Given data : hy =?,H= 32m! T, = 300K 


} 
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The static ipanoincedby chimney i in terms of mm of water is given by , j= 
1 ifm +l pn teRCTK= 
hy, =353H - a H «(801.0 + CBr. | 
mar T, T,\ mq meets yoni. tor ote 
But, for maximum discharge a | Ma $b) ie ox 
1 T, mM, 4 | or SULT ch NRAAS 
. Alm +1 1 . 7 
T, mq 2, ie s ~y wii) 


Equation (ji) is putting in equation (i), we get, 


. hy, =353H a Sas _353H__ 176.51, 
Ty 20, 21, a 
: 1765x3243. Pia 
A 176.5%32.._ 5 3'53 iam of water column” be 


w 300 it 


Solution : Given data : h,, = 18 mm of water, T, = 300°C = 573 K, m, =2100kg/min 


2235 kes, T, = 25°C = 298K, R, See ERI aie Pa see Tht of He 


.= 1.01325 bar, H=?7,D'= 2108 Go so 
0) Pesci of colnmney (HD) as gteniwits sche 

Pa 21. 01325x10° RAGE sate 

"Den ty of aii A a im? oe 

RY TO Pas R73 287X298 BE issn Gah 


Denaty of flue gases P s =f Lows =0. 707 Keim? 
Ho peb levi) * solndee, 


Now, draught producedby chimney, gf 2o= mi pe 
Ap = (Pq — Pg )8H , where ay sin Nim} goyiy:ivanmisto’ 


. Pwht af 5 
iS Par ane (Pq —P,)8H , where h,, =in mm of water 
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hy = (Pq Pg )H otaive Ty enn] to eemiet ; 7 
218 =(1.185—- -0.708)xH i} - a -: : HWEGE = re 
We Hs height of chimney = 37.65m ee a 
i) Diameter of chimney : ie " 
m,+1 353 its ainiloatb pinot 10s MWe 
Density of flue gases Py “im, *% T, Bs ‘ 
m, +1 353 diel Oe 
+. 0.707 = —2— i er ae 
Lie m, *373 é pe Rus 
“(my +)=1 1444m,  -. My =6rTkghgoe: spo me gait! { wd 
Dauner WERE j Pal aaa oe 
x Bis Trang oe, oe 
mg \N 671" 573 {> 
x, =u|(-"2_|-£-1| =3765 x 
: (z = |- 677+1) 298 ‘Ne N 


= 25.426 m of flue gases en 


2. The Velocity of flué gases C= Paty eee a 426 age a mis : 


ait 


ph Mass flow rate of flue Bases: is given iby ta 


Sent 


alin rig =P “AC= pager XC) 


ses ieepereaniaiat _T- 


getuicd 


>Ans 


oH D = diameter of chimney = 1.68 m.. 


Solution : Given data : H = 30 m,'T, ='295°C (for natural draught). i ae 120° ¢ (for 


artificial draught), T,, = 18°C, m, =25 eee fuel burnt, ea $120k K, 
Thoefficlency of chimneys given by" Wits qd ord os ie at ‘ 


=k 
_157 


praughtSystem'> 


as 


30x9.81x| 25_.\ (295+273 ay 
(35) ( 18+273 - =i! 00123 = 0: 123% beer ot Ans 
1.2x10° (295-120) 


. Solution : Given data: h,, =15mm of water. column, 7; = =300°C= 533 K;T, =27°C= 


300 K; Volume of air= 0:7734 m-/kg.at NTP, Volume ‘ofigases'= 0.7518" pears at NTP, 


H=%, m, =? 


Volume of air at 300K 


a 300 
1a ao. =0008 3/ig 
Va =Vo% 7 273 m Lig 


0 : \ 


é ; 
The density of air at300 KP, = wit 1. 1766 kg /m° 
E pees 


"Volume of flue gases at 573 K 


T, 573 3 Gk 5 
V, =V i Oa x22 =1.5779 m° | 5 a 
ey 273 Ke mi 


0 


5 i aaa 
The ally of flue gases at 573K, Po= Vv riglgg hea 337 kg! m aytat 
Vg rer ty wihtonl 3d 


eth 


3. 


Asweknow draught produced by, chimney in terms of mm of water soit a 


hy =Oq-Pg)H amet eat ' 
vil novig ef eee out do ato narioh nt beauhors Miguay4 
15 = (1.1766 — 0.6337) H } - 
1H 22163 38 _\lwe a Ans 
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a 11 (m+! Tye alo plas 
aera a oe Lt Set 


a & 


1 1(% ue 
15= 353x 27,63) 55 300 3731; 1 |338y\, 


° X¢ 


J. mg =34.72 kp/kg of fuel burnt © 
Mass of flue gases formed/kg of fuel burnt 


a Re okt +22 na tick! ; 


mae SSS RUS 
Solution ': Giyen‘data:: -mp =1000.kg / hr = 0.2 
H=25m, h, =15mm of water. : A , 
The draught produced by chimney in terms of mm of water column is given by iis lo arr 


h, =353H per mMa* | h UA BOhE fx 
oa qT, T, la 3 ere 


: 7 i: , A a . A 
2.15 =353x25x Nee, mV) Es = = wh AOE 36 tie to yriznob oT 
Bg 31 300 m, Bi 


rth 


650 
WELZ Aw as 


Ly 


a 


“m, t+1=1, 0618m, 


Mm, = 16.168 kg/kg of fuel burnt 7 2h RRR te asaks oul Io Olea ae 


=16:168x1000 = “16168 age = 4.49" kg | 8980) woiul oul ak 
Drag ues mot te gain Nos og) ak 


\ T, . ae WiThea 0 9 ‘seudhed 
H,=H mq fae / ‘ ee OOTP) s'Ay S 
m, +1 )T, ' MEATS s {yo 


Scanned with CamScanner 


| ro 
Draught System: ewes, sacs ee 
ei 
| 25 16.168), 650_j] Si\inin nd om oa 
. + L16.168+1) 300 
= 26.01 m of flue gases column © \\ 29>": sare as 
Mass of flue gases per kg of flue bumt 
Ans 


m, =m, +1=16.168+1 = 17.168 kg/kg of fuel burnt 


=17, 168% oop hel 4.768 kes : 

The velocity of flue gases passing through chi mney is ome by’ 4 
C=C; 28H, where C, “= cbefficient of velocity ate ; ; A a 

= 0.4V2x9.81x26.01 =9.036m/5 ‘ Lae fe 


my mG 353 


Now, m =P, Aeaeis and. P, = 
; +1 

lh oni cata) 3 cAXC 
& T,' 


Mg T, : 


2.17, 1681000 = 16.168:41), 1 Beso 
3600 


ZA 2091 m? 


(16.168. } 650. aot 


Solution : Given data : 


h,, = 17 mm of water, T, = 300°C = (573 K, T, = 28°C = 301 K, P, = 755 mm of 


H 27 aXl013= 100.63kN /m?, R, = 287 hi R, |= 235 Sef. 


; , 100. 63x103 sew ty mea £2.08 = 
Density ofair Pa Ral . a SORT okinwuhbrislevske Ya 
Py 100.63%103; i ase | 
acbonitinawes P= an” = 2355x573 =0 688 kg/m? 
vag koe tae aed Umulos eeay otdb to ne SL g 


Scanned with CamScanner 


is Power Plant Engineering 


ae Pa-Py) gH, where Ap=inN/m? | ; > Hl 


‘I é 4 ‘ont to ffi Tia 
 Pw8 hy = (Pa — p, )g-H , whiere h, = inamm of water a banners 
1000 j ata 


witslty = (04 Py )H jesrad Four te 


«. Height of chimney H = 


Solution Given data : H = 40m, T, = 350°C = 623 K; T, = 30°C = 303 K, m, = 18 kg/ 


kg of fuel burnt, h,, = 2, H, =2, Na = ? (for T, = 150°C), C,_= 1.005 iaIkeK, % of heat 
spent = =? T, (for maximum diactara) = et 
0 Draught produced inmm of water 


i “WY 
i . ; 
=353H| 2-1 (mat 


Loa, og Ma yo ete 


=35ax40x] te 1 (18+). 
303 623 “18 


= 70.52 mm of water Ey oes 
(i) Equivalent draught in m of hot gasescoluinn 


m_ )T, : 
A, =H = ~~ ial tres 18 oe =] 
: uty 18+1) 0 803 


Kurt 


Q iss WA ty 


= 37.91 m of flue gases column 


1 
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Gi). Efficiency of chimney 
arity i t 2 
ie 
Hg || e_|_84 
m,+1)T, 4 
"ch 
Cpp{t,~t,) a 
WyxXg - 37.91X9.8 
ve ") 7 1.005x10° (350-150) 
Cog (Ty Ta) ,1,005x10" (390-100), 291) a 
29S 018 9%!) es if Pit) i ee is Alig 
@v) Peidsitist ha pelicinatic aba yee sae : 
FCpg (_-T_) 1 shied fig Me wc eet 6s ea 
= 1.005 :(350'= 150) 71 Myson! Qu Gok udniGe wor Do tapseus 2 
= 201 kJ Ans 
(v) Temperature of chimney gases for maximum discharge 
Condition of maximum discharge is given by ‘ £ 
tL mg +1 ‘ ¥ m ' . 
TY, \ Mg ; f png | 
/ \ veiGordone ais aetinonod | . - 
T of, = pcar( SV G39.67K = 366670. os 


4.5 Mechanical draught 


The draught required in high capacity modem steam power plant may vary form 30 to 
350,,mm: of,,water in order, to maintain flow, of large, volume. of, air.and gases 


(4x10 to'8x105 m/rnin): Also, large steam power rplanti is equipped with economizer and 
air ‘preheater, the exit temperature of flue gases is sufficiently reduced. In such case in order to 
produce certain amount of draught the height of chimney may be high enough. Ithas been seen 
that draught produced by chininey hardly 10 to20mm ‘of water. Also, it has effected’by 
atmospheric conditions, no flexibility, poor efficiency and loss ofé energy. Itis not possible to 
produce a draught more than 40 mm water with the help of natural draught system (chimney) 
because itis neither economical nor convenient to build achimney of enough height for larger 
amount of draught. Therefore it becomes necessary to provide mechanical means to meet the 
larger draught requirements. This mechanical arrangement used to produce larger draught is 
called artificial or mechanical draught which independent on climate conditions and flexible 
to meet fluctuating load on boiler. Boiler with mechanical draught do not need sohi gh achimney 


"B29 
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hanical draught some times to 
uildings. The mechanical 
ghts as Forced draught, 


160 : : 
asis necessary with natural draught. Chimney 1s needed in mec 
avoid the smoke, dust, cinder andash from falling over the adjacent 

draught is created by fan. There are three types of mechanical drau 


Induced draught and Balanced draught. 


45.1 Forced draught 


Ina forced draught system, the pressure over boiler settings isnormally maintained above 


atmospheric pressure. Therefore this draughtis also known as positive draught. In this draught, 
a blower/fan is installed near the base of the boiler as shown in Fig. 4.2 and air is forced to 
pass through the furnace, flues, economizer, air-preheater and to the stack or. chimney. A 
stack/chimney in this draught system required to discharge gases high in the atmosphere to 
prevent the contamination. Itis not much significant for producing draught therefore heii ight of 
the chimney may not be very high. : 5 
Forced draught is commonly used with under feed stokers, as considerable pressure is © 
needed to force the air required for combustion up through the deep fuel bed. : 
Flue gases out 


Boiler , 


"Chimney 


Economiser Air preheater 


Fig. 4.2 Forced draught 


4.5.2 Induced draught ...... 


ee tn raimraaa bel a se over the fuel -béd is maintained below the 
) za ver or fan is installed near or at base of the chi inFi 
aa 0 ora of the chimney as sh 

the burned gases from the furnace. Hence pressure inside cm Mette a 


below atmosphere and induc 
elo sphere and induces the atmospheric ai ti 
pate nd indy ospheric air to flow through th i 
peer ae A similar to the action of the chimney. Deen memati fits i 
ine aaa ae of the temperature of the hot gases theref vethe Musee 
2a sd oe cold as possible in economiser and air preheater, ore eS EL 
: : = ide 
ere ne = byes serrally when economizer and air preheater are inci rated 
BF pak Teint nm = oes es blower should be placed such that the trees a 
as hand e. This clearly su i au 
paulo leg iggests that it should be j ed after the ai 
HE! n induced draught system, fan deals with hot flue Heel dea ae ae 
ibe luc gas © ithas to handles 


in ‘ 


Utes} rsern 
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sok van teak mei, si ct +1. Flue'gases out 


| . 


“* Boiler 


Air.preheater, 


Economiser.)._ 


1 t5..sBlower 
; aD fan). tule 
‘ : st, ORs, 4e3— aentessiput | togvobvs 


P large volume of hot gases. Therefore, size of induced draught fan and power Tequired are 


«ore compared to forced draught fan: 
45.3Balanced draught © 9) 


fl 


The balanced drau ght isa combination of forced, induced draught.and.chimney. In this 
system the forced fan is located at base of boiler and induced fan is located at base of chimney 
as shown in Fig. 4.4. Airis push by forced fan and flue gases is sucked by induced fan. 

a De oaed fee ica A Flue gases out 


Boiler 


ne wuhe,, 14 Fig. 44 Balanced draught . mene. 
As we know that the forced draught System, the pressure inside furnace is.above 
~-atmosphere. It forced draught is used alone, then fumace can not be opened either for firing or 
inspéction because the high pressure air inside the furnace will try to blow out suddenly. 

" Therefore, there is chance of blowing outthe fire completely and furnace stops! Similarly if the 
induced draught is used alone, then also furnace can not be opened either for firing or inspection 
because the cold air will try to rich into the furnace as the pressure inside the furnace is below 
the atmospheric pressure, This reduces the effectiveness of draught and dilutes the combustion. 

- The balanced draught overcomes both the difficulties as above either using forced draughtor ” 
induced draught alone.}) «\¢..<) i m3 rip bsouani 


PPE16_12 
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Inthe balanced draught, the forced fan supplies air at a sufficient pressure for alr to pass | 
- through fuel bed for proper and complete combustion. The induced fan removes the - gases 
through the boiler flues, economizer, and air preheater and then sends them to the cl imney, 
The forced fan maintains the pressure. just above atmospheric pressure to overcomes resistance 
of fuel bed while induced fan maintains the pressure just below atmospheric pressure to 

removes hot gases from furnace, hence the pressure in the furnace will be balanced orin | 
fore, in a balanced draught system the forced fan overcomes the resistance 


equilibrium. There t c 3 
inthe air preheater (inside) and fuel bed (stoker) while the induced fari overcomes draught 


losses through the bed, economizer, air preheater (outside) and flues. 

In mechanical draught, the multivanes centrifugal fans are generally used for handling large 
volume of gases and air. Some time axial flow type fans are used for small capacity boilers as 
they develop only small static pressure. In the centrifugal flow fans the air is compressed by 
means of a rotor rotating in spiral shape casing... aes, 

The performance of a centrifugal type fan depends on the shapes of blades which are 
three types (Refer Fig. 4.5) as (i) Backward curved blades, (ii) Forward curved blades and 
(iii) Straight radial blades. The backward curved blades gives a higher speed than the straight 

radial blades and radial blades gives a higher speed than forward curved blades. 


Yeh Y 


Backward curved blade Radial ‘blade c F ervvard curved blade 
Fig, 45 Types of centrifugal fans 
F dl i 

ested as es oma! ee — a a are generally used since the high 

¢ , r drive. Forward curved blade f: 
wae ‘ans runs at lowest speed t 
: oe - a har ornate andare generally used for induced draught fan to keep the etogl 
ae th e straight radial blades also recommended for induced draught fans 

4 Comparision between forced and induced draught ah 


Forced d. : : 
raught Induced draught ‘ 


(1) Fanis installed shiv tty 
ed near or at the b: als 
the boiler” ebase of: (1) Fan isinstalled at base of chimney 


(2), Ithandles low temperature ond leka 


volume of air, hence size and power, (2) Ithandles more volume of gases 


clad less than). ii lcci hari 
in ‘orinduced 
duced fan is more than forced fan: : t 


Scanned with CamScanner 


@) 


4.5.5 Power requirementby fans /). \-s.': A Ube et 


> praught System 223. ae ae naked 
. (3) Fanhandles air and thus water doled @ 1 Fan handles flue gases of high © 
bearing are not required temperature and thus water cooled 
‘ bearings are needed for induced draught 
; fan. 
’ (4) Thepressure inside the furnace is above (4) Thepressure Sinside the furnace is below 
the atmospheric pressure, hence there is the atmospheric pressure, hence there 
no chance of air leakage. However, when’ ’;is continuous air leakageis possible. 


doors are opened for firing or inspection 
. thehigh pressure air inside the furnace will 


try to blow out suddenly. «. . , 

(5) . There is uniform flow of airthrough the OS »Flow of airis ‘not i ge 
grate and furnace : i‘ 

(6) The heat transfer efficiency will be higher, .,(6) , The heat transfer efficiency willbe 
than induced draught lower than forced draught. 

(7) Lower investment and operating costs 7). Higher investmerit'and operating cost 
compared to induced draught. “ compared to forced draught. 


The fans may be driven Y variable speed motors, constant speed motors, steam turbine 


deaaght or forced draught fan respectively. oe 
Let, mm, =mass of air supplied per kg of fuel "8" 


mr = mass flow rate of fuel supplied; kg/s ~ x! 3 : 
T,, = temperature of boiler surrounding aif, Ki bsibxse ei 
T,, = temperature of flue gases, K ») 


= volume of air to be handled by ‘the f sami 


ey SEY ate 


y, = total volume of flue gases tobe handled by - fan n m 5g 
bE of 1+ ou 


1 jm = mechanical efficiency of fan’ ° 


ear 
(1) Power required for forced draught fan (Prp) 


ati+ 


Mass of air supplied in kg/sec= mM, (in kg/kg. of fuel) Xm if 
Volume of air is handled by FD fan t at 


y, = Mass ofa suppit hse} ngmp «Ueno 
Density of air — Pa 
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ova i 3 
uP, = = Draughtereted by fan (in NA mix Ls ‘Nolume ofair iin 1) Jeno denial 


mgm 97a. ee eres i + 
ae iNm/s oe ee 


=pygrhyxVy' = 1000 gX 0X - 353 sa Seus Hace ote 


ve (where hy’ ‘in mim of water)!" 


&. Ppp = 2.77910 Py Mg Mi _apael oane 012 (4.12) 


(er 


(2) Power required for induced draught fan (Pyp ), a 
Mass of flue gases in kg/s = (mq + Dstp sites uticcinnwon , 
Volume of flue gases is handled by ID fan'..:-11 ree rocprites. CY 


_ Mass of flue gems ios) (m, ile 9 POT capt? 


(is 


; m, ii 


T ABL TO oT dagmenaarn + 
a . » 


8 
(m, +Dm, rm vy Heh ate oak bortod wut boaiuportoyre® 


= J, 
e “yk 453°) 135384 iB hon osciad el boil nave leg 


a g 


*, ee 


i bagi et tis to onthe 
Ps = Draught created by fa i Wit x ‘Noluans of flue gases (in mils) 
f =“9xY, ; ibe ie : 


vy 


“4 aah in, dena 
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l Pip =Pyshy XV, 981h,mgm;T, ne 
| 8 =“ +! ew . 
eee 8 ~353x1000 on eee yale 
2+ Pyp =2.779x10™ h,, «mm fe ETS KW Osh 8 ve (4.13) - 
Power required for ID fan motor p = !!2- R to e ae cA ~ , * wah 
F ri Nim SAGE + rae sqpdan ine 
The ratio of Pip and’ Py for same draught : 
Pavee C= ionnos C1 = 4: isk ae THEME 


Power of ID fan Tt maior’ 
Power of FD fan -T, : 


; 980 
Solution : Given data: m, =20 kg/kg of foe 'f = 1980 kg/hr = = 3 600" =0. 55 he hy 


= 50 mm of water, Ty = 250°C = 523K, T, =21°C= 294K; Pep =?, te =)2; 
Power required to cive the forced draught fa meddle lg’ ca OER OA i 4 


iy ay 


= ee ee ee ‘ 
Prp = 2.77910 hy “MM my Tq eae 


=2.779x10 x50%20>0. 55x294 Ae to 
=4.49 kw 4 as 
sek ms 4.49 
Motor capacity for FD fan = 08 ~ =5.61 kw hr Ans 
Power required to drive the Induced draught £ sctieahiras 


_ 5 6 ae a - 
Pip =2.779X10™ «I "mg ?™p Ty ; vo Vapi 
=2.779x10-* x50*20%0.55%523. ‘ties 
= 7.99 kW a" ee 
Motor capacity for LD, fan => =9,99 KW oes Gh Yani tge boll bAns 
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Soi 
Le 
Vo 
Ac 
Solution : Given data : 7 = 10 tonnes/hr= 2.7778 kg/s, h,, = 180 mm of water,.... 
Nn = 0.6, T, = 30°C =303K , 
The stoichiometric air required * wr ‘ 
WOE 3 grat : Po 
_ 100 8 oO ’ hte ; 
c+8| H-=—|+8 
“33 a f 4] Jporeotetbnt Sta 
- {8 (0.78) +8( -003-SE 0101p BNO ay. 
23 8: oa Misha Ty ie 
' = 10kg/kg of fuel burnt ‘ ; Eig. 23 tM +" 
Actual air supplied = pe eunieie air-+ Excess air i Mc 
‘etl aBa 30. 231 GRO fates * Saath ay ‘eveitiy 
| My 10+ 2x10 = =13 kplkg off 
Power réquired to drive the FD? fan= "| = x re 
Prp = 2.779x10™ -h, ‘Mg ty Ta 1h of fash 
_ = 2.77910 * x180%13x2.7778x303 PPE = ay 
= 54.73 kW aneh i 
Motor capacity = FD. _ 5473 ti =91 22kW , is MORO Ans 
im 9-6 se GBR vy, ' 
‘De 
Pn 
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Solution : Given data : m, = 25 kp/kg of fuel, mp = 0.6 ke/s, h,, = 100 mm of water, 


Leakages of air = = 20%, T, g = 200°C = 473 K, T, = 25°C = 298 K, 1 fn = 0.65, Pip av 
Volume of flue gases to be handled by I. D. fan 
oon a ip T= 25x0.6 


& 353; °8 +353 
Actual volume of flue gases 


X473 = 20.1m? sec 


Vy =e “+ Leakages 


: ere ere 24.12m? /s 
VE 100° 


Power required to drive I.D. fan 
Pip = PyBhy Vg 

= gh, XV, where.h,, inmm of water sic) Men 2S anak 

=9, 81x100%24. Lr = 23660. ck W= 23; 66. kw 


Ans , 
0.65 { 


23.66 righ BOE 
Motor power = 065 = 36. 4kW _ 


= 15 kg/kg of fuel, aye =1 kes, Ty T, = 280°C =553 K, 


s00K, Pp=? 
ve ee (im, HE a53°¥ 1s 383" : 
Poe BOP al aoe 353 = 0.681k / 
is apes cee Bg } ie 1s)" 553” . kin cdi 
Pressure head equivalent to velocity of flue gies at exit ; 
Ye @ . ae PEt pens 
hy “252 ~s200mottoe ge =2024 mof water 


29.81. a Ppa 
(-P, gh, ote} 
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vier i) 
Daal =2.22'mm ar water 
1000 es | 


168-:-« : 


reece Erect 23,262 


Total draught required ee draught losses - 
=10+ 1544434222= 34. 22 mm of water 
Power required to drivel. 7 fan | we’ Eat 


Pyp = 2.77910 -h,,-m, “mp *T 


+ 


= 2,779 X10 X34.22x15X1X 553. . abAno. 
"= 7.888 kW d Ans 


Solution iV, = 1500 m/min = 25 m¥s, Diameter of outlet of fanD, = 1.7m, h, =110mm 
of water, 7, = 25°C-= 298 K, p, (atNTP)= 1.293 kg/m}, 1. jm =0.7, aD = =) 
Density of air at 273 K = 1.293 kg/m? Wil pate t= 
1293x273 tis os 
298 


«. Density 0 of air at 208 Ka 


Velocity of airat outlet offan = a 2 ee a 
She AY G4 GO,’ jon 


it Set ti ' 


; “anon? He a eh 
Velocity head = — =6.18m' ' . 
ciyhead 2 2g 2x91” pics tna: 

te = De08 OE a ea: ualon ei TE 


Velocity head in terms of mm of water = del 


ed 


tsb novia mew 


+ x6. 18%1000 = Tx ‘317 mm of water, 


ANS 8 > 
Total draught created by fan= Static diniaas + ae head 
“WAG ATS 


SHO +7, 317 = 117: 32mm of ater Cedion oll} 


Power required to drive the FD, fan 


rail “ 0 Se Bets Stak Lo Ytiails. OS Acleviuns ig ay 
Fo“ Phin lean AY, Se eg? 1a 
= 9.81X117.32%25 = 28772W = 28.77kW oh 


f Me GQ alg Oe ; 
Aen on 


__ }.}@§ 


| 
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Solution : Given data: h,, =80 mm, T, = 200°C =473 K, T, =27°C=300K, My =0.6 


keg/s, My / mpi 15, Nf =0.75, Pp =? 
Power require to run ID. fan 


Pip = 2.77910 xh, mg my Ty 


=2. 7179x1075 80x15x0. 6x473 


= 9.464 kW > 

Mot wes ee i mem Ans 

jotor power =p 75 = 124 on 

Power requirediea nin ED: fai O Sei xte OS AK Ag = tel. 

es 300 
Prp = Pry X—* = 9.464x— = 6 kW. 
_ trp = "ip T, 473 Hy 

pee power = eee =8kWs H 

? ray “0.75 f ; 

Percentage reduction in power. Beare Dee ig : ; 
12.618-8¢ ‘ tami isviv i 
at P 8X 100-= igus Secs tie cepa aecao incenineniennomnen mee Ais 

12.618 pails 


Solution : Given, data : V, = 1500 m*/min = 25 mile: D= 1. 8n m, T, = 120°C = 393 K, 


“Nin = = 0.8, Pip =2, R= = 255 kg K (for gs; P= 1 Da ‘oat 


Density of fie a at atmospheric eS od 


4 


‘. 5) 
Pa __1x10 = 0.997 kg/m? 


Pe” RT, 255x393 aii Yeunting yd boing sg 
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Velocity of flue gases at exit 


ye SS 5 gokmls 
g 20" 
Ep? £8) 


2, 2 , 
= Yg_ _ (9.824) _ 4.92 m of flue gases, 
2g 2xo81 ~ 


= 4.92x£-x1000 mm of water 
= 4.92x 9227 x 1000 = 4.9 mm of water 
1000 
Total draught required : : 
h,, =Total losses in system + Velocity head at exit. f = 
= 120+ 4.9 = 124.9 mm of water Via Senne 5, 
Power required to drive LD. fan = gh, xV, =9.81x124.9X25 ='30:63 kW"! 


ME 


co a eect chBp.O = HR» a ce 4 
Motor power = 7 =38.29 kW i SS sd Ans 
4.6 Advantages and disadvantages of mechanical draught over natural draught 

isp lig ah im esos seo Sie tirenaleS ese J My, - [May 713] 
Mechanical draught Natural draught ba 
Advantages : _- 1 Disadvantages : es 
(1). Itdoes not depend on the (1) Itdepends.on atmospheric: 
; atmospheric temperature. Fr ceeryci temperature. ° aie 
(2) OSA eon te since... Q).In order tocreate required draught 
re Tunction of chimney isonlyto ©... the chimney height is mot 
discharge flue gases ataconvenient ey hee 
height in the atmosphere, 7 
(3) Himproves the rate of combustion i (3) Poor combustion due to less draught. , 
_ as draught is more, The better distribution... Hence more quantity of airrequired..,. ¢ 
: aint 


and mixing of air with fuelispossiblehence | This; 

; f : , Increases mass of fl Sih 
qantity of air required perkg offuelisless.  formedand heat carried by ya 
This reduces mass of flue gases formed «| Bases. ». : % cxnanst 
and heat carried by exhaust gases, co Pe a 


ny 


;3 
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(4) Bettercontrol ofcombustionand, (4), Combustion rate can not be 
evaporation rate since the airflow... ., controlled since air flow can not. 
can be regulated as per requirement, . ~  beregulated, x ¢ 
forcombustion, rd : ‘ 

(5). The heat of flue gases can be recovered, ‘6) The heat of flue gases can not be 
using economizer, air preheater since "recovered since the flue gases have to..: 
the flue gases temperature can be : be discharged at high temperature in 
reduced. Hence thermal efficiency of order to create appropriate draught 
plantis high. : Hence thermal efficiency of plantis low. 

(6) Less fuel consumption for given power '"(6) More fuel consumption for given power. 


(7) Low grade fuel can be used due to high --- (7) High grade fuel are used. 
intensity of draught and combustion. - ie 
(8) Efficiency of draught about 7%. 


{ (8) Efficiency of draught hardly about 1% 
Disadvantages’: | 5 _ Advantages 
(1) Highinvestment cost. — =~ -*""-(1) Less investment cost. 
(2) External power is required to ee (2) No external power is required: 
drive the fans. : ett 
(3) High operating and maintenance costs. (3) Operating and maintenance.costs is 
oh doh, Sa 


nil 


4.7 Steam jet draught 
‘The artificial draught cteated by the jet of steam is called steam jet draught. The steam jet 

draught is a simple’and éasy method of producing artificial draught. It may also be of the 

forced draught type or induced draught'type. "°°?" ii : ; 


© foitiseo oan ett Nonales 0H © Gee Diffuser’? 
am jel dedught"” 


i 


Fig. 4.6 Reread ste 
19] Miele SoHbui off tuted? Hii AtAlq A 
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= pre plied to 
im) is supplied 
In forced steam Hat draught as renown in Fe. 4 6 steam (from boiler drum) i atelw 


diffuser pipe which | Jocal 
the nozzle through throttle valve. The nozzle is placed into i Hi a hah hd dias: air ‘along 


s converted into pressure energy 
Therefore airis forced through | the fuel bed, furnace 


the grate of boiler. The steam comes out of the nozzle wit! 
with it. The kinetic energy of the mixture (steam and air) i 
when it passes through the diffuser pipe. 
ee ae the'chimney. aneo'sAuisto 


2 Flu gases ont om cnt 


“Flue, gases from me 
combustion chamber 


‘Steam from 
engine / turbine : : asad 


Sf 


f 


engine! is forced into smoke box through a nozzle, When the steam flows through the nozzle a 
partial vacuum is created and the air is induced to the furnace through the flues and grate.) 
Advantages of steam jet draught : 

(1) Itis very simple and requires very little attention: : 

(2) Itis very economical with low grade fu 

(3) Space requi iredis less. “ 
Disadvantages: : : 
-~(1) Itcan not be started until steam pressure i is s available. 
(2) Incase of forced steam jet ph sea passing into; aie furnace, hence it carry 

away heat withit. .. 

(3) The draught produced i is avery loy 


| | 


4.1 Whatis draught ? What are the functici of drau ; 
ght system ? 
4.2 Define boilerdraught. What are the losses in air-gas circuit of boiler? Explain in details. 


4.3 What do you understand by “Boiler draught” 
ght” 2 How the dra 
44 State the classification of. F draught, ; ahs re clit 


4.5 State the advantages of natural draught. Ex =i with sketch the induced steam jet 
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4.6 — Discuss the merits and ae of forced draught overnatural draught. : 
Lae Prove with usual notations that the draught produced in mm of water head by a chimney 
is given by , ; ; 
eal tit aeons wei ‘ 
a a’ 1, am, ‘ \ i : 3 
48 — Prove that discharge through chimney will be maximum for the given height of the 
chimney when Ty = 9 Ma #1). 
va mM, ‘ 
4.9 Whatare the limitations of chimney draught ? State the pressure losses which are 
generally taken into account in designing the draught system. : 
4.10 Why t the height of the ‘chimney and gas exit temperature are important in chimney 
i design ? ? 
4.11 Classify different types of fans. Expaia why a are connie backward curved blading 
‘lo!. normally used for forced draft fan. nm . 
4.12 Explain.what:you understand by; balanced draught. |...» ) 
4.13 Whatis the function of chimney in in natural draught and artificial draught sein D ? 
4.14. What is the: location we forced ( aughi ed. draught, fan in, boiler draught 
system ? : . 
4.15 Give advantages of artificial en Si over natural draught. . ' 
4.16 Discuss the merits and demerits of forced draught: over natural draught. | : 
Derive the expression for fai | power and compare power required f for FD. fan and 


4.17 


4.1 


42° 


Draught produced by chimney is 15 mm of water column: The height and diameter of 
chimney are 32 mand 1.6m respectively. The temperature of flue gases and surrounding 
air are 310°C and 30°C Tespectively. Neglect losses and calculate (i) the mass of air 


. induced in boiler per kg of fuel bumt and (ii)'mass of flue gases flowing through the 


chimney in kg/sec. ; ,, (Ans: (i) 6.67 kg/kg of fuel (ii) 28.78 kg/s] 


if mean flue § gases temperature i is 300°C ahd sucrounding air temperature'is 27°C. The 


- = 848 constant for air 287 J/kg Kand for oe 255 J/kg K: The atmospheric pressure 


4.3 


islbar, _ : [Ans : 41.93 m] 
A forced draught fan delivers 1200 m? of air per minute through the outlet of 2 m? are 
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water. The temperature of airis 21°C. 
f efficiency of the fan is 75%. Assume 
[Ans : 30.376 kW] 


30 mm of water. The velocity of flue 


and maintains a static pressure of 110mm of 
Find the power required to drive the FD. fan if 
that the mass of air at NTP is 1.293 kg per m’- 


The total draught losses in the boiler passages is I 
. gases leaving the chimney is 10 m/s, The flue gases mean temperature and surrounding 


air temperature are 200°C and 20°C respectively. The mass of air required is 20 kg/ 
kg of fuel burnt. Calculate power required to drive LD. pan. [Ans : 8.93 kW] 
"Compare fan power requirement for ID and ED for following condition : 
Temperature of flue gases leaving boiler = 180°C (for both cases) 
Temperature of surrounding air = 18°C 
_ Specific heat of flue gases = L2kIkgK 2 
<2] IMfags of air supplied = 20 kg/kg of fuel burnt i, 
Also compare the quantity of heat is carried away by the flue gases per kg of fuel burnt 
‘When the natural draught is used to create same draught, the temperature of flue gases 
leaving chimney is 300°C and air induced 25 kg/kg of fuel bunt. 


* [Ans: Pip / Prp = 1.55, Heat carry by flue gases for natural draught = 3460 kJ/kg, 


’ Heat carry by flue gases for artificial draught (ID or FD) = 3888 kJ/kg] ' 


Objective Type Questions 


Cede 


Boiler draught is defined as : 

(a) small pressure difference which causes the flow of steam in the condenser, 

(b) small pressure difference which causes the flow of gases and air inside the boiler. 
(c)the device which removesashfromfumnace. = 


the device which seperate ash from flue pases hi Tene Se ; 
Natural draught produced by given height of chimneydependson. 


(a) temperature of flue gases in the chimney 


“ (b) temperature of boiler surrounding air, ©} © goes io yet boawhorg at 


\ Thecondition of maximum discharge through shinnnty is He by : 


(c) mass of air required forcombustion’ : we 2 gi 
stion'per.u ; Bi 
(d) all of these above pj: oe.) ss Pel me mass of Fuel: LOOT YF 


} H id 


g _,{ mt1 YB ae oop ; $i af ites 
oy ) (b hes a m, of Dea m,: : T (m 
fa "a. : Ty .,\ macht ©) to are) on (=) 
tg ™s 


When height of: chimney is equal to the héight of acolumn of hot Gases producing draught 


i HER, oe 
‘ SN Et 
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10. 
11, 
12, 
13. 


14, 
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the draught created by chimney is 
(a)minimum (b) maximum (c)zero (d) none of these 

Draught produced by the chimney aloneis 

(a) forced draught (b) induced draught 

(c) balanced draught (d) none of these 

Stack refer to a chimney which is made of 

(a) rainforced concrete structure (b) metal 

(c) masonory (d) none of these 

The amount of draught created by stack for same hei ight and same flue gases temperature 
compared to draught produced by brick chimney is 


a. 


(a) same (b) less (c) more (d) none of these 
Mechanical draughtiscreatedby. | ' 

(a) fan (b) steam jet. (c) stack . (d)all of these 

The draught created by fan which is located at base of chimney is known as 
(a) induced draught (b) forced draught | 

(c) balanced draught’ (d) steam jet draught 

In forced draught, the pressure in the furnace is 

(a) atmospheric (b) above atmospheric 

(c) below atmospheric (d) none of these 

In balanced draught, the pressure in the furnace is ie 

(a) atmospheric (b) above atmospheric 

(c) below atmospheric ' (d) none of these oe 
Power required to drive the induced draught fan as compared to forced draught fan for 
same draught produced is ; athe 

(a) equal (b) less ~"(c) more (d) none of these 

Incase of locomotive boilers the draught is produced by : 
(a)chimney (b) fan (c) steamjet (d)none of these 

For forced draught fan following type of centrifugal fan generally used due to high tangential 
speed. < 
(a) Forward curved blades (b) Backward curved blades 

(c) Straight radial blades (d) none of these 


Answers 


1.(b) 2.(d) 3.(a) 4.(b) 5.(b) 6.(b) 1. (a) 8.(a) 9.(a) °° .10.() 
Ila) 12.(c) 13.(c) 14.(b) ; 
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. 05.5. Mass flow rate of steam through the nozzle” = 


nie ito ace ! 9 Me ape von to oat 
GTU Study Medtesials EA...) Chapter'5 


5.1. Introduction 


25.2 Types of nozzles 
+5.3 Velocity of steam flowing through a nozzle 2 
Friction in-a nozzle or Nozzle efficiency .. 


Condition for ‘maximum discharge through a Nozzle or Critical pressiire ratio or 


choked flow 
5.7 Physical significance, of critical pressure ratio * 
General relationship between area, velocity gna. pressure 
5.9  Supersaturated flow in nozzles : : 
Effect of variation of back pressure 


5.1, Introduction wna s9'b3 en 190 1 
The function of a steam nousia is to convert the hit energy and pressure energy of 


-steam into kinetic energy. Its main use is to produce a high velocity jet of steam whichis used: 
to drive a steam turbine. This is achieved by allowing the steam to flow (expand) from aregion 
of high pressure at the inlet to a region of low pressure at the outlet. As the stear 1 expands, 
through the nozzles, its velocity and specific volume both increase. Its dryness fraction Will also 
vary due to condensation of steam. Since the weight of steam per second flowing across any 
section of the nozzle is constant, the cross-section of the nozzle will vary in accordance with 
velocity, specific volume and the dryness fraction of steam. 

Anozzle thus is a device which serves two purposes, ‘namely : 

(1) To convert pressure and heat energy into kinetic energy. fi 111 


(2) To direct the fluid ata specific a sie | 
52 Types of nozzles » NI ™ ’ [Nov. 714] 
The nozzles are of three os depending upon its shape. ; 
(1) Convergent nozzle : 


When the cross-sectional area of a nozele’ decreases ‘continuously Jon inlet fo 


exit, it is called a convergent nozzle. 
Inaconvergent nozzle, velocity is always less than the sonic or acoustic ‘Velocity and 


hence this nozzle is sometimes called subsonic nozzle. At the smallest section (throat) the 
‘velocity becomes sonic velocity. This type of the nozzle is is shown i ink 8 5. ts _ 


(2) Divergent nozzle : 
When the cross-sectional area of a nozzle increases Continuiously from’ inlet to 


exit, itis called a divergent nozzle. eeE ‘ 
If the velocity of fluid is supersonic i.e. the velocity is more than the sonic velocity and 
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é 5 is diverging. This | te 
oy 71 e velocity to be Tnereased further, then shape of the nozzle is diverging. *nis | 


ower Plant Engineering | 


if we require th . : ' 4 
shape of the nozzles shown in Fig. 5:1(P)._ hd oud ure 


divergent nozzle: ° 
= en reir crgsesetiondl area of anozzle first decreases from its inlet to ipa. 
and th WE dies ‘from its throat to exit, itis called a convergent-divergent nozzle as 
and then in 


shownin Fig. 5.1(). 


5 Y J Throat 
7 Y I." No GY WEY 
ii Outlet Inlet al Outlet: * Inlet Ze Outlet + Wi 


(a) Convergent nozzle (b) Divergent nozzle , (c) Convergent - divergent nozzle Nc 


Fig. 3.1 ‘Types of nozzle. 

In practice, pressure of steam at inlet to the'converging portion is very wee and the 
velocity is négligible. Thus, the velocity increases in the converging portion so thatthe velocity In 
becomes sonic at the throat and further expansion of steam takes a in the hex bicer: Portion ; 
so that the velocity becomes supersonic in the diverging poops 
5.3 Velocity of stearn flowing through a nozzle sab 


Consider the steady flow of unit mass of steam through a 4 soezle ats us pai two ig 
pyit i } ports 


cae) 


hig, 5.2 Flow. of. steam through nozzle, = 


VESOV AL 


,, Py =inlet pressure of steam, bar 
a ie a Sinlet velocity of steam, m/s 
= inlet specific volume of steam, milkg ta 3 Poe 
ie = enthalpy of steam at inlet, kI/kg 6 ey 
= inlet intemal energy of steam, kikg ,., 
=inlet elevation of steam mass, m 


hae tinct te ad eculi anes lana 
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Steam Nozzles 178 
w =mechanical work done by nozzle (if any), kJ/kg 
q= heat supplied to the nozzle (if any), kJ/kg 
Po» Co» Vay Ny, Up, and z, are the corresponding to outlet condition. ,.; ,, 
Applying the principle of conservation of energy, we can write: 
» Energy entering into the nozzle = Energy leaving the nozzle 
(omy GC 
By ttm tay ta= pt tet! 5.1) 
We know that enthalpy, 
A, = Py +m, and hy = avait Ho 
Now the equation (5.1) becomes 
C2 2 
hy ++eytqeh t+ ant ; 


In nozzle, the change in potential energy is negligible ier) = Ze 
‘eee ie? esa 4 
ah, +e oe +q=h,+ oe +w 


Heatis not supplied tothe sly ie.g= zy and there i isno mechanical Work done by nozzle 


iti: mete SON. 
‘From this equation, we can say that the g in kinetic energy ry between any two 
section of a tiozzle is equal to the loss of enthalp BU SINR OF HE RET SED 
Ifinlet velocity of steam to the nozzle is negligible (C; = 0) then i000 oi 
él miata ipsa i ty anes Hebe 18 : 
MLN = 2xi0°(h, -h,) m/s 5 
“6.3) 


In actual practi sal ways acertain amount of friction present between the 
steam and nozzle surfaces, This reduces the heat drop by 10 to 15 percent and thus the exit - 
velocity of steam is also reduced ps repr Ifthe flow is with friction, then with friction 
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ye eae 


condition value of (h, - h,) will be taken. 


P ee 5 they 
5.4 Friction in a nozzle or Nozzle efficiency _ ss v [May *14] 
Wher the steam flows through anozzle the final velocity of steam for a given pressure 
drop isteduced due to the following reasons : 
Je surface and steam, - ie 


(1) The friction between the nozz 
(2) The jnternal friction of steam itself; and 


(3) The shock losses. 
The effect of friction on steam flow through a noz 


as shown in Fig. 5.3. The diagram can be completed as 


zleis representec'on Mollier diagram : 
discussed below : 


Pa Qs « 
¥ 


sus n pntlneferls hams 
Kf blag ie 


: | hy -h’, = (C2*- CP 2 


hy = hy = (Cy Cp y/2 
x efor poi eis 
isentropre 
# ee a 5 oo Ave oloy | 
ig. 5.3 h-s diagram for nozzle effici - ey 
(1) Firstof all, locate the point-I for the initi ‘dosed pups a 
F - initial conditions of the steam. It is a poi 
: [ F oint, 
superheated steam temperature line meets the initial pressure (pj) line oe 


, ae 
(2) Now draw a vertical line through 1 to meet the final pressure p, line. This is doneas the 


_ flow through the nozzle is isentropic, which is expressed by a vertical line 1-2. The heat 
drop (h, —h,) is known as isentropic heat drop. WY 3 


(3) Dueto friction inthe nozzle the Ate stn hina utd s 
e the actual heat drop in th fetips cid mow 

eepishetsieat ats Pin the steam will be less than (4.75 1,). 
opis (hy: h}) instead of (hy hy)! ati oa" 


312 t6 ettuolev 15h 
of steam is 
4 


obtained by drawin " : 
g a horizontal line through h’ OD 
igh h, to meet the final pressure p: 
pressure pz, line at 2’. 
2 


¢ ) Ls r te ad 
Ow the pans! leis St e Ste: 
5) ON th actual expansion o} steam in the nozz! ie expres ed by, the curv 
2° in 


nl 


of 1-2, The actual heat dr h, = hy i d 
op ( ;) is know TO, 
A — nas useful heat pi 
td nozzle efficiency Is defined as the ratio ‘of use hil heat dit bs 7 
W ‘ th ; I i a ful heat drop to th 
hea Top. Mathematica y, . ity vely at fia la te 


oily iow 
VRBO! 


Scanned with CamScanner 


e isentropit 


Ii 


Steam Nozzles 


_ Useful heat drop: | h, = - i reg rare * 6A) 
Tsentropic ‘heat drop — h-h ee c oat 


If C, issmall compared with C, then the nozzle efficiency is given by 


fs, Ae 45.5) 


where K,, = Velocity coefficient for the nozzle ='C;/C,. 
We can say from Fig. 5.3 that the dryness fraction: of steam at 2’ is greater than that 

at 2. Itis thus obvious that the effect of friction is to increase the dryness fraction of steam. This 

is due to the fact that the energy lost in friction is transferred into heat which tends to dry or 

superheat the steam. 

5.5 Mass flow rate of steam bones the nozzle 


Consider the isentropic flow of steam through anozzle., 
Let —_p, =initial pressure of steam, N/m? 
v, =specific volume of steam at lary Pp ae 
C, = initial steam velocity, m/s". 
"Ay = Cross sectional area of nozzle at outlet, m?, where the pressure is Dp. 
be v, and C, are the corresponding to outlet condition. 
Fig: 5.4 shows p-v diagram Zar isattopys expansion of steam through nozzle. 


[May °15] 


a) Y° v 
Fig. 5.4 p-v diagram for isentropic expansion 
The isentropic flow of steam through the ferae may approximately be represented by 


y 


equation. ; : rs . 
pv" =constant = c 4 ~ 
where, n = 1,135 for dry and saturated steam, and 


= 1,3 for superheated steam. 
For wet steam, the value of n can be calculated by Zenner’ 8 s equation, n= 1.035 + 


r 
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action of steam. 
imate only, a 


aries during the 


cro} 


O:1x, whew xis the ial ee fr 


These values of n are a actually the value ofnv 


expansion.” ‘ : vo dls . 
neohtinet j ging BN baad 
c . 
; e () ° g 
s Ne : . su 
yp ar yell et 
she unin kinetic ery 1 di owing hors givenby= 9 9" 


Ao in kinetic energy = = Adiabatic heat drop. . a yttieg 
= : work done during cycle 


BST HA POUEEE Fee oh PISS 
i * 1 


un ing yn 


Cy-G in 
2 n-1 


=O, then (i+ 4°00 ys a an 


“ln? UU GORE TS os Rieter] cee iy Jim oe 
; ’ ee | 
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From the continuity equation the ma: 
cross-sectional area A. and at pressure Py is 


ss flow of steam in kg. per second through the 


‘ ; given by 
ge. ; 
7) yarg Pitted, 27s (5:8) 


Substituting the value of C, and Vp into the equation (5.8), we get 


(5.9) 


This is a very important relation which gives mass flow rate in kg/s. 
5.6 Condition for maximum discharge through a Nozzle or Critical pressure 
ratio or choked flow. “So/ [May °14, May. 13, May 712] 
The pressure at which the area is a'minimum and the discharge per unit areaa 
maximum is termed as the critical pressure. R i ieee 
Anozzleis, normally, designed for maximum discharge by designing a certain throat 
pressure (critical pressure) which produces this condition. ac aoe Pies 
Let, -p, =initial pressure of steam, Nim? 
{ + «Pa = pressure of steam at throat, Nim? isa edoren 8 
v, =specific volume of steam at pressure p,, m/kg! 
v> =specific volume of steam at pressure p>, mikg, i! 
‘A, = cross sectional area ofnozzleatthroat,m? 
From the equation (5.9), the mass flow rate per.unit area is given by>__ 
‘ Rees : Ye ped 


at 


} 


eit AS 


5 2In (nt1)/n |% : ee < 
2n Py\| Po _| Po Ef te SONS DAI 6 10) 
n-ly || Pj Pi J fit ee ee , 


HH A \ of 
‘and nafe‘all constants, hence the mass flow rate per 
unit area is a function of the ratio of p, top,. There will be only one vahie of ratiop,/p, which 
will produce maximum discharge for the nozzle. Therefore; only.that portion of the equation 


which contains p/p, is differentiated and equated to zero for maximum discharge. (i! !s<de* 
:oapyeels bers 


In the above equation, 1, V4; 


: 2 (n+l)/n Ve 
d Pr a é Po = =o" paler nen ecnheiennete ‘ 
. P : \ Y c i ts 
d Pa Pi ; ae tej 4 At A 1 aah 
A it ‘ ast 
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inoul? sit 


yok 
i 


aver : | 
The ratio p,/p , is known as critical:pressure ratio and depends'on the value ofn. 
The pressure p, at the throatis known as critical pressure.!" 8. )99°\¢" 2 
P We know that for dry saturated steam, n= 1.135\1i¥ 


Bate 2,3 sin: 


ine i Pesx te 


py \1135+1 = eg 
For superheated steam, n= 1,3 | wit " SV las { a 1 iS i i 
erates 1 0.5457. 0,545,000 copy SOS45ppils oh oT 


a ‘ VENTE AO OG Cadiit SE f ebpss 
uci.) "The maximum value of the mass flow.rate per unit ar BEY 
nae 7 W. rate’ per unit area er second is obtai ( 
substituting the value of Pap; in equation (5.10), P pi ms : rps ceased by 
6 Maximum discharge, EES) AE 
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From the above equation, it is ak that-in a eaivenenit Spiihent nozzle, the 
discharge depends upon the area of nozzle at; throat:and the initial conditions of the 
steam (i.e. pressure p, and volume v,). Itis independent of the exit conditions of the steam. 


(1) When the steam is initially dry saturated : 
We know that for dry saturated steam, n =:1.135. Therefore substituting the value of 


ninthe relation for maximum discharge, we have 
Mn, 4, = 0.637 A, rao bid | “boot band 
“VY es < 
(2) When the steam is initially superheated 2h? eh ae ne \ hen 
We know that for superheated steam, n= 1.3. Therefore, substituting the value of nin 
the relation for maximum discharge. Wehave ‘eer 


m = 0.66644, |= | Saves a 


max 


M4 looipget Siw wads 


5, 7 Physical significance of critical pressure, earitioe nego latin 
Now consider two vessels X and Y connected by a convergent made as sbenitiy in . 


Fig. 5.5(a). Let the vessel X contains steam at ahigh and steady pressure (p,), and the vessel 
Y contains steam at another pressure (p.) which may be varied at will. 


4 
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Max. discharge 


Discharge (m)*- 


Critical pressure ratio 


Pressure ratio (p/p2) 
(a) Nozzle section ‘ | - (b) Discharge - pressure ratio curve 
Fes j rae 
Fig. 5.5 

Let the pressure p, in vessel Y be initially equal to py then there is no flow of steam 
through the nozzle. When pressure p, is reduced gradually, the discharge (m) through the 
nozzle will increase as shown by the curve in Fig. 5.5(b). As the pressure py approaches the 
critical pressure, the discharge rate gradually approaches its maximum value and when p, is 
reduced below the critical value, the discharge rate remains constant. Thus we see that the 
reduction in pressure p, below the critical value does not increase the rate of discharge. 

We know that the velocity of steam at any section in the nozzle (equation (5.7)) 


and the critical pressure ratio for maximum discharge, *:' 


baby (POgiaa: 


Bf SP 
Py 


Shep, ak Sg CSB) | 
eee ie aa aaa oi eeia expansion from rest may alsobe expressed in 

and speci MW Ac povshiimbuate Beet Fi ean 
throat is wD BANG sPecilic volume vp. As we know the velocity of steam at 
° sila WES Le. A Oop Shes wal 


rests ne: — SUS SI tc tee Fe) Aedees 
GET Oy Py “ttt sponmteg iinoge 
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Substituting the value of ms = (Sy ieee 
é PL 


n+l 


+(5.14) 


This equation is a very important deduction. This is the value of velocity of 

sound in the medium (steam) at pressure Pp, and is known as sonic velocity. ° 
. From the above discussion it follows that the maximum mass flow through a convergent 

nozzle is obtained when the pressure ratio across the'nozzle is the critical pressure ratio. The 
flow in the convergent portion of the nozzle is sub-sonic and in the divergent portion it is 
supersonic. When a nozzle operates with the maximum mass flow rate,.it-is said to be 
choked. A correctly desi, igned convergent-divergent nozzle is always chocked. i 

To increase the velocity of steam above sonic velocity (supersonic) by expanding 
steam below the critical pressure, the divergent portion for the nozzle is necessary. °” 


{ 


i > Vy 


Solution : Given deep 1 OF 
p, = 15 bar, T, = 350°C, p;= 5 bar, m= Lge Casa = 650 sive ae 9A, =2, 


=? 


From Mollier’s diagram - ght wh, HORS ¥ 
At 15 bar and 350°C, h, =3150K/kg ible 
The throat pressure (critical ae for superheated steam is ‘ealoulated doy : 


n ae Ole 
2 \n-lo 
=p,|—] = 0.5457 
Pe cals) a Pi / 
Pp = 0.5457 x15 = 8.1855 bar Buty RE Boy 
ae the throat pressure is more than back pressure, hence tietioale! is choking and 


aconvergent-divergent nozzle is required. 
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From Mollier chai for seenttptlg expansion: 
.T, = 275°C, hy = 2990 kJ/kg. 
“Therefore velocity at the throat is given by: 


NC, = 44. 72,fh, — hy = 44. 72N3150 — ‘2990 = 565, 67 m/s 
From superheated steam tables at 8, 18 bar and 215°C, v= =0. 3086 m3/k, ; 
Area at the thmatis givenby_, ikicser AG r : : 


is’ 5 10.3086 s s43sx00-? #5485 em?’ 

: = » 565.67 

For finding out exit area, the velocity and the apecine volume of steam at pe exit are reqilited 
At 5 bar, h, = 2890 kJ/kg, T; = 200° C, "a =O. Bice pen bin Be 
Neglecting inlet velocity of steam, _ SOu fan, , A 


Batvelocih, Cy = 44.72. fn, = 
Sed Ie nébaeS f 


= 44, pies 2890 7 088 mis 


-Exitareais aren Py 
io 6 el i ote buinss hoe ety: Whee 29 1 1D 
4, = Ms. 1K0.4250 © -4 , tnd 
A, C, 7ELORS 5.894x1074 m? = 5.894 cm? eo) . Ans 

a yehe.d on t an by Fgh 
z My = 

2 — Cs)actuat wil PROQES ify tana satan 

a C881 Bae hx TARE & ays 


Nozzle weasel T= =K; . 
tho a Cy Jisen: 


af ‘aan. Y 
(721.088) 


OA SAT sc) 
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Solution: Given data (Refer Fig 5. 4) ‘ pares y Loh 

p, = 12 bar, T = 250°C, p, = 6 bar, m= 2kg/s, Ay = 2 (Ap)actuat = 2» Cq= 0.98 

Let 1, 2 and 3 represent initial, throat and exit conditions respectively. : . 
The throat (critical) pressure for fg steam is given by 


2 Wei . 
P2 =a ‘a = 0.5451, 2054s712= 6.55 bar 


Since the exit pressure is 6 bar which ig ee than critical | pressure so the nozzle is convergent- 
divergent. Ans 


- FromMali'scha for isentropic expansion aa oe ate 
= 2930 kJ/kg, hy = = 2810 kJ/kg, T, = oa ie aes = e 350: m kg pai a 
The vlody atthe throats giventy yo ePuaows 14 
C, = 44.72 hye h, = = 44, 722930 — 2810 = 489: geste ae ai it, 
The minium area is given by ; 
fa One 1429x109? = 14.29 cm? (OSs bh ding 
; C, 489.88 
The actual throat area is given by oa : oixereus 


‘A, _ 14.29 _ 2 : “ bard \ An: 
v (Ay actual “t. 0.98 Lae ea wa Taf sas fotffars . 
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‘Solution : Given data (Refer Fig. 5. a ane : 
Pye T, = 250°C, p3 = 1 bar, D, = 
; Ai eg Na i initial, throat and ial conditions of steam i in in fhe. nerRS 


if 


t 


860 Ve 
Mass flow rate, 7 = ee pes kgl.s- 


From Mollier’s diagram, h, = = 2940 kI/kg 7 
Throat pressure, p, = 0.5457, p, =0. coe x 10 5. 457 bar 


From Mollier’s diagram, 
h, = 2830 kJ/kg, _T. = 175°C, v, = 0. 4 meg, ie = 3520 kilkg. 
Neglecting inlet velocity of steam, the velocity at tthroat 


Cy = 44.72, = hh, = 44.72/2940 -2830 


= 469.027. m/s ~ 
From continuity equation, the throat area 


my, 


Eat camer pa B®. 
Also A, = 7D * fea oc.ur & SOL keen nem ah | 

*, 2.037x10~4 = =D} ‘ 3 ; Pd savin alg ita ' haus salt 
“Dy 50.0161 m=161em 14 a vine) ane F 
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Aliernatively, throat area may also be found out from the equation for n = 1.3 since throat 
condition is in superheated zone : 
H HMaserws shay 


m=0.666A, 2. 
ys 
Itis assumed that friction loss in the diverging part of the nozzleis falc as 0. 16 of the 
total isentropic enthalpy dropice,.n, = 0. 84 ~ 
“1 Wy ~ hy = friction loss = =0.16(h, - hy) ‘esivig ai neat 
hy ~ 2520 = 0.16(2940 — 2520) i Skit 
2. hy = 2587.2kI /kg 20 ae Gs Ea 
From chart, x, =0.96, 


From steam tables at 1 bar, ¥_3 = 1.6938 mi/kg : vaiaiek 


= X4¥g3 = 0.96x1.6938 = 1. aa 
The alee velocity at exit 


(C5 = 44.72] = 15 = 44, siieaar= 2587.2 = 


From continuity equation, area atexit — 


Solution : Given data: 
P= 12 bar, T, = 200°C, p3= 1 bar, D; = 10mm= 0.01 m= 2 
Forinitially superheated steam, throat pressure is given by... 

Pz = V.5457X py = 0.5457 x12 = 6.548 bar 

Since the throat pressure i is moreé than back pressure} ‘hericé the nozzle is chocking 


USUSH ED 
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anda Riven ai err ioazle'i is required. 
From Mollier chart, for isentropic expansion 


h, = 2820 kJ/kg, hy, = 2690 kJ/kg, x2 = 0.97. 


From steam tables, Vg, = 0. 28829 
Velocity at the throat is given by * Net ; : ' : 


C, = 44. T2./h, — hy = = 44. aan —2690° =509. 89 mis 


t 


Area at the throat is given by 
mv. MX XyV: EN GREO GI 4 
is at {p= 2/82 ; 
Ge 4 C, : gh UMS. i a 
moon? _ mx0.97x0.28829 ; : 7eeO= : 
4. 509.89 snc oppa tee cis Re aad 


., m= 0.1432 kg/s 


Solution : Given data : (Refer Fi g.5.9) 
m= 8kg/s, p, = 8 bar, T, = 350°Cp py)=1barn, = 
f 


A=? y=? 


‘ 1s OTRig.” 5. is Ix te) - i : 
aeiceid tits and3 re; ae ie ha! hws ey 
eer. present inlet; throat and exit condition of, the nozzle; From Moliier’ s 
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* Number of nozzles = 


steam Nozzles yoy 


hj rnin P ='0.5457 Py *'0/5457%8 iy 366 bat ihre! vorlle 
The vertical line drawn fro: 
M point 1 to Present line: p, gives the state point 2. 


*. h, = 2990 
90 ki/kg, T; 2 = 265°C, v,'=0: 485 ac ‘na 22710 ki/kg 
The velocity of steam at throatis given by , i 


Cy = 44.72 hy hy = 4.723160 - “2990 = 583.077 tls 


The throat area is given by, 
_miv, _8x0.485 é Te 
4 C, 583.077 = 6.654x10 nt eb 54 crit Ans 
We have, nozzle efficiency, 1),= nh - 
Beis 
3160ehéirs 1s sin 7 ont 
ine ¥ ‘ 
3160-2710 aA 


felt = 2TALS kik 5) 
The oxtail exit velocity is given by 


Ch = 44.72./h, - i = 44. rasa “2TALS 


From the Mollier’s diagram Xp int 3% = L 9 mg, 
The actual area at the exitis given Ce as si 


_ mvs 8X19 
Ch 914.85" 


, 


=0,016615m2=166.15.em «\~ 


Solution : Given ite 
= 185 kW, m, = aa 5 ee Py = 


} Gu = a cee “ ve = Af 
a = 12 bar, 7, eae p3=1. bar, Dy =7 mm, 


: 206122 8] = 
sent inlet, throat < and ekitconditions ‘ofthe nozzle! ° | 
ssure is given by 


6,548 batsisi 


Let 1,2 and 3 repre: 
For superheated steam, throat pre 
wih BE epi 0, 5457 pjr= 05457812 


at r ¥ 1 ey lA 
= PSpSSO lO Wee 


M_PPE16 14 
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194 : is shown in Fig. 5.10. 
The Mollier’s diagram for the expansion of steam through thenozzle} : 
ra) 
Fig. 5:10 
From the Mollier’s diagram, we find that enthalpy of steam at entrance; re 2G 
-h, = 2860 ki/kg NE ~ Bale 
Enthalpy of steam at throat, h, =2750 kJ/kg and on fraction of steam at throat, 
\ F wots 
5 = 0.992. : : 
From steam tables at D> oh 548 bar pressure, Yep “Fs 29 mig A 
«. Specific volume of steam at throat, y= HM 20 
Velocity of steam at throat, ; ; 
sh Cy =44.72<)hy =f, +44.72/2860=2750=470 a Me > eee 
Area of nozzle at throat, 
aU AE olsyge od ae die yale 
= vl = Ono} =38.5x10"m 2. aay she Va naan beat REE 
scare as Nea ia aR ei 
: WME ASSO Wo tsa mea Sb he J 
_ AC, _ 38.5x10~% x470 ; | 
oY = OORT. Oosig ls ; Hkh avi 5 sony ; 
fate ow thattodl mass flow rate Bn ES TN =i } 
Jaixenn ayy | 
= 16.5x185 = 3052.5 kg/h = 0.848 TY ag Os a i axe ab ten 
v. Number of nozzles = Datel ines flow rate me am ga ee 
Mass flow rate per nozzle'’ *0.063° °"** i An 
} 
\. SPoaFass| 


.Steam Nozzles. : a: : : 
5.8 General relationship between area, velocity and pressure " 


Let us consider the steady, adiabatic and frictionless flow through nozzle. In Fig. 5.1], >> 
we have two transverse Plane section adistance dx apart. We assume that (i) the nozzle runs 
full, and (ii) the velocity is uniform across any section. Then by the continuity equation, we 


have , : 
Area, A ®@ @ Area, A+dA 


AAC _ ALANG dO otrenpsrutssinioes bas 2 1oeou 
v vtdy ‘ : : 
si (A+dAYC+dCy = ACW+dv) ae mae ae 


qs 


“. (AC + AdC + CdA + dAdC)v = ACy + ACdv 

Since the product dAdCis very small, so it may be neglectéd, then). a's | 
. (AC +'AdC + CdA)v = ACv + ACdv a ee 

2 AVdC + vCdA =,ACAY)..) iticege bows onire89q 3 

Dividing both sides by ACv, we have seiicted 


t 
' , AC 
This equation may also be derived by following method Ac = 


Differentiating this, we get © 9s? SES Savon 2 
(ey Fee: 
© a+ Aac-*Cav=0 {Syn | 
v v v 


Dividing this equation by AC we get" 
v ; 


The flow is adiabatic and frictionless 
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at ic alae ae i 
Hie giteilogy p¥nlog. y= 
‘Differentiating, ‘we get | esa 


ob, e =0 : + e a pa BOTA 
Vv £ 


v n p jie “ { 


From the momentum equation for adiabatic’ and fritionles flow 


CdC =-vdp 


eC c tLe at 


YY Paks 


Substituting values of “ — eam =a 7 itothe equation cn 15), we rebel een a 


vs +— 0 
4 c WP hy 
GA 1 dp/ npvii. 2 Hoslysin 36 5 
ht BL 


The sonic velocity of steam at pressure p and pane ve voliime’ vis S given by | 
’ set eabia fad Bai. 


a AS Ob 


ic 18) 


p rad oels¥ EST AN DHE. 
The ratio of the velocity. a A ( igen C1 to She local acoustic °( sound) velo 
ais called the Mach number and is denoted by the symbol Moje: < sig 


aA _\dp ge ; OA fh Si 
A np\|m2- : Or=wh oN Sy fs + aT ‘ 
: ‘jog ow: ay yd itotaope aie antbiy 
BBE RAS ME s) . Pas mG 19) 
From the equation (5.19), the following points can be drawn, Oc ts "4 : ity | 
>. tans 


eeatuonohh bag dtsdnibe a warts 
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dp _ ; 
i) Accelerated flow, P. negative (flow through nozzles) :- 


. ‘ a wal dA ‘. 
(a) When Cis less than a 1.€.M<1, the { must be negative to balance the equation. This 


means that, with decrease of area vel 


locity i increases and ressure decreas ves 
convergent part of the nozzle, ~ Pe es. This gi 


aii * dA : ; 
(b) Wires Gike. Ms 1;then re 0. This means that, area is constant, no change! in 


velocity ane pressure, This Corresponds to the throat of the nozzle. 


: “dA We 
(c) When Cis greater than aie. M>1, then {must a Sosiiye: This means that, with 


oo. of area velocity increases and presstite decreases. This eve the divergent batt of the 
nozzle : : 


2) Retarded fol = piaditvatig’ through diffuser): 9. 


This applies to diffusers in which the kinetic energy of flow is converted into pressure 
energy. apawetan 


§ 


(a) When Cis less than ai.e:M <1, the mae must be positive to balance the equation. This, 


means that, with increase of area velocity decreases and pee increases. This sives divergent 
type diffuser. 


) = MA AW \o Wt Ort 


7 lad 4 : 
(b) When Cis Mine toa, i.e. M= = 1, AS 0 ging means that, area is constant, no change, 


in velocity and pressure. It corresponds to throat, 


(c) When Cis greater than ai.e.M> 1, 7 must be negative to balance the equation. This 
? 


Means that, with decrease iri area, velocity decreases and pressure increases. This gives 


convergent type diffuser. 
The abovecases are summarized in Table 5.1. 
Nozzles are used for increasing the velocity of ear At the exit of the boiler, velocity 


is negligible (i.e. M<<1) while the outlet velocity from nozzle has to be greater than the sonic 
Velocity (i.e. M>>1). Steam first passes through subsonic nozzle and its velocity increases to 
Sonic velocity (M = 1) and it reaches throat. We still want higher velocity, hence divergent 
nozzle has to be used. Hence the shape of the nozzle will be acombination of convergent part, 


athroat anda divergent part, i.e. a convergent-divergent nozzle. 
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Retarded flow, 
rising pressure 


Accelerated flow, 
falling pressure 


Divergent: 
diffuser 


7 Convergent 
- diffuser 


Ifthe steam velocity at inlet to a is local sonic velocity (i.e. M= 1), divergent type 
of nozzle will be used. If it is required that the outlet velocity from the nozzle should be only 
' equal to sonic velocity, convergent nozzle only will be used. yi ' 


Convergent 


‘Divergent 
nozzle 


Supersonic 


Solution : Given data Re er Fig. 5. 12) 
P= 130 kW, m, = 12 kg/kWh, D, = 0.7 cm, ALR =15 bar, T, ie lees 5a =0. I bar, 


C,=0;Number ¢ of nozzle'= 2 ,m 


nt 
bri stss 


lagu 
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condition of sani at exit. (ott 
| Forisentropic expansion, | the throat pressure is given by r i - cet 
pp = 0.5457 p, = 0.5457X15 = 8.185 bar 
| From Mollier’s diagram and steam tables’ * LAKES eM gh 
h, = 3040 kJ/kg, hj, = 2890 kJ/kg, T, = 225°C ’ t BOL 
h, = 2190 kI/kg, v2 =0. 28 m3 /kg, 
x, = 0.835, Vg, = 14.675 m/kg pag cle 
| -oixee ta S022 
= x50, = 0835x114, 675 = 12. 254 in? | kg SS ok 


The ne at the throat is given by 


sir? 


Cy = 44.72 [h, — he, = 44.72/3040— 2890 = 547.706'm/s 


Thioat area, A, = 2D} = Ex (0.7107) 23) a4axs0$ Sin 


12130... a 
al a = =0: 4933K@/8 ; 


3600: + 
The mass Sie rate per, nozzleis given by usin: ig tbe continity equation : 
_ =-4%G Cj" 3.848X10> «547706 
vy ey ~ ay. 0.28 . 


: ‘ants woul 
; Veh nested 
« Namiher SPntales 2 if “Steam stp (Total’ discharge) 

Discharge through ‘one: nozzle» b avir 
2 ae 
= 9.0753 7 Y 


Actual steam consumption = 6x 0.0753 =0. 45 18 kel s 


d: wonnlod 


= alg &= ww . 


OV = Sonsgi2: 


aM se\or OF gia) 


“Wash Sa aly sal yk (4) 

2 ni words ac tnt t i] 0.4518%3600": LOT MBSE TO SKS odT 
730. = 12511 ke/kWh: | illoM orl} mort Aba 

If 10% of isentropic heat drop is wasted between throat and exit: then. Oh3S = | 


‘ : - > wl 7 i 
hy hs = 0.9(F3 =) + (Py hy) 8 ihe aioe as 
3040 — hy = 0,9(2890 — 2190) + (3040 - 2890) 


2108) Mole mop 
aaicti ROROs 4 
1H = 2260 ki/kg “Whi 


oo 


PAL Os Ca} Ox #200 = 
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From the Moller’s diagram, 25 = 5085 py, saci sold od ee os sp angsa i abit 


‘Aotual velocity at theexitis given by “vedizdlt 0 massa 9g" 
C3 =44.72,/h, — -h, = 44.72 3040 — =7260 rareta aget ae 


Yh =X5 Xp, = 0-85%14.675 = 12.474 mw? Ug: 


Area at exitis given by continuity equation: ¢ : 
fh NOTE sax da + gil OPIS 
i 1248.96 


afin EVA A 


A 0p =7352x107 =5% DP ya 208.t BY CES.O 


= 0.03094 m = 3.094 cm 
Overallefficiency of nozzleis given by 2° O80! 
_h-h, 3040-2260 


Wey oe 


-h, 3040- 2190” 


=0,9176 = 91.76%»: 


Solution : Given data: (Refer Fig;'5.13)\) 20 
m=3 kg/s, P, =8 bar, T, =200°C, P3= 1 bar, 


Frictional Tesistance = 70 kJ/kg of steam, 
‘Whe OVE x 


anh, % 
C= 70 mis, Py =4 bar, A =2, A, 
(i) Areas for the throat wad exit : 


The expansion of steam ‘a 
tiene naa nie the e nore on the Mollier diagram is shown in ‘ti 


vt 


h, =2840 K/kg;;hy, = 2700 kk. 


? 


Pa 
ay Ble Box fy 


Tot) = MOM TUetoS ones bn) 


| 
| 
| 
f 
‘ 


%y)=10, 985, 2470. kJ/kg; 1X_= 
From steam tables, the specific volume of steam at throat ms hao - 4 i — 
Ys = 0.462 mi/kg ie ar a 
eee nee) * CORTES 2 HOREYO. exh. QHOR 
Vy = Xy¥ = 0.985 0,462 = 0.45507 m /kg aA). ; 
’ setae AN ( 
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=n MG. = WO 


Velocity of steam at throat is given by 


Cy = f2(h, - A.) 1000 + CP : ts 


ry 00S NI as 
_ . =¥2(2840- 2700) 1000 +70” = 533. Toni 8 \ \ 
Aves at throat is given by continuity equation Soh i 
: : : Sct BS i 
I mV) _ 3x0. 45507 . a j 
et A, = = { |. A 
i ara! "533.76 2. 558 x 10°) ni i 2 ns 


al fesistance of 70 kI/kg of steam beniveentt the throat andé exit therefore, 


Since there is.a friction 
2540 ‘dikg ea 


he—hi ='70 . Wt, = hy +70 = 2470+ 
1. = 0.94 (from Mollier-diagram) : 


= 1.694 m? / kg ares 


Specific volume of steam corresponding to 1 bar, Ven 
ae = 0.941.694 = 1.592 m*/kg y°U.etis 
3 ‘ 
Velocity of steam at exit is given by oa jig = inate 64 


Bevyt T=08 


“= 2004 — fi) 1000+ Cy RVI 


= «/2(2840- 9540) x1000-+707 ='777.75 mise. = * 


Areaat exitis given by continuity equation aM 10aG ots §N cavegatl tons gard 


_mv, _3x1592 = 6.1408 x 10 m? 
C; 771. W115. md vea.? = VebeOxGi= 
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(ii) Overall “efficiency ) of the nozzle : 
\ Weknow that overall efficiency of the nozzle 


nat 2840-2540 _ 9.8108 = 281. 08% Ans 


"=F —h, 2840-2470 


Solution : Given data (Refer Fig: 5.14) 
P, = 10 bar, Degree of superheat = 80°C;. Ps: 


= 1.05 bar, D, =0.6cm,m=?, 


yas oni ip impo io) 


Oloe 


C, =?, length of divergent portion=5cm, 20=? 


(rmgsib-agilloM roy) PRA 
e (OL “'b) 
Fig. 5.14 


Og be ret 


From steam tables, at 10'bar pressure’ Hee LOVas jeaTio9 male to smulov aiinayé 


Ty =179.9°C aA\ far S0R.L= bROLKPOO= ud = 
We know that Degree of superheat = Typ =T. i ; ae ancola? 
80=T,,, -179.9 oe 
10T, =Tyyy = 259.0 2 ATT = OT FOOL XC! 
From Mollierdiagram, h, = 2960 kI/kg noilsipe Wiuniino vd novigal tixs ten 
The throat pressure is given by me OE oe HORT. Q = SOC ENE Sew 
Py = p,X0.5457 =10x0,5457=5.457bar 
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"s, I, = 2830 kI/kg, v, = 0.43 m/kg ' 
o. hy, = 2530 ki/kg, x, =0.94, V,3 = 1.6181 mi/kg + 


Velocity at throat, Cy = 44.72, fh, -h, = 44.72/2960—2830. | ? \ 


= 509.886 mis. 
_ A.C, | (6x10)? 509.886 / 
m= = a ae 
The mass flow rate, ‘ 043 1 | 
m= 0.03353 igs ; Be ae oling 


Velocity at exit, aa = 44, 72./h, - =a 1a B= 2530 = 927.3336 m/s Ans 


ms mv; MXXVe.- 0, 03353x0. 94x1,6181, 
pbb =—3 = 8 eee 
GG 927.3336 


Es -5 -2_ U2 
A, =5.5x10~- m ae 


D, = 8.368% 10™ m = 0.8368 cm 


From the Fig. 5.14(b) ‘ ’ ie 4 
5, 2h ‘ _OLECIEE O- O1RE = 

tang = 23=P2 _ 0.8368-0.6 Be hanes 2ae.0 agaibeilloMi 

2L 2x5 : 


+ Semi-cone angle,'@’=' 356) \+-20 ='2.712..~ 


916 mines lo drauloy MDA Rg 


__ Solution : Given data : (Refer Fig. 5.15). ~ 
' P, =8 bar, T, = 250°C, Py = 1 thie Di is om. =0'75 cm, Tn = = aie an 0.85, 
20 =? ae DECCAN r \ cys } 
The throat pressure is given by An T1834 = 
Po = P, X0.5457 =8x0.5457 =4. 366 6, bare 
From Mollier diagram ' 
h, = 2950 kI/kg, h, = 2810 kI/kg , ten = 0. ss Tes, 


h, = 2560 ki/kg, ¥,, = 1.694 mi/kg 
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Fig. 5. 15 


Velocity at throat, C, = = 44.72,[iy — Thy sens =2810- = 


= 529.134 ins 
eo “ 
Nozzle efficiency, n,, = 2 fs 
‘ hy hy ts: at 
“hy = hy, fy - 14) 


" = 2810 —0.85(2810 — 2560) = 2597.5 kI/k 
From Mollier diagram, x, = 0.965 #QeSa = — 


0.49" haber: 
y=a(@ Nel) = fey ceeds stn Bs onl 


an mel Use 
~ Velocity atexit, C3 = 44.72,[h, — Ie, = 4.722950 - 9507 5 
= 839.617 a xd novi ai s 
mvs _ O.04771x1,6357 “CEOS = TERR 


heal area at exit, i, A= Fs 
C3 839.617 


=9.289x10-5 2 Ce te 


ae 


* Ep? = =9. spade 


we See a Ol 


Di, = 0.010875 m =1,0875cm. AN gala OFF 
acca 5: 150) 


Dy=Ds 1.0875 = 0.75 - 
2L 2x5 


tan @ = = 0.03375 | 


«, Semi-cone angle, @ = 1.9339. 3 ate yea. VALS a 
96 B.SG6G i uted, 6 Sosehe, Soars 2 gL Ri Ans 


eilon ¢ Given data: ate? Fig.5.16) ~ 
p, =10 bar, p; = 1 bar, Number of nozzles = 4, Dye 
m=?,P=? 


=2mm, Ny = 89%, N, = 70%, 


= BOD.1K2BBOF Eh F 
i 


jpowd ty snot to.wiocls isitd 


2 Wreent (TOL 


.bronss Taq beau riss) 


P. 2 es 
We know that, i= (Fa) Sst 
p, \nt 


bxh= 


Since the steam is dry and saturated, n= 1.135 * 


1.135_ ne 


Spy A1A35+1 Griiagoa rag lester 97 OLD Vtatleyqure ¥ 
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Px = 0.5774 Py = 0.5774 x 10=5.774 bar ies 
From Mollier chart a" 
h, = 2780 kI/kg, fh, = 2670 ki/kg, h, ='2390 ki/kg pers 
From steam tables : 


= 0.3257 mi/kg (at 5.8 bar), Yes = 1 694 m/kg (at 1 bar) 


Enthalpy a 2% 
b= h-Nny (h, - h,)= 2780 - 0.89(2780 — —2670).' on 
= 2682.1 kI/kg 
Enthalpy at point 3’ eer 
at wigs hy -0, (y= Is) = =2682.1- 0.902682 1- 2390)" 
“= 2422.131 kI/kg® 8 a S\o° 
From Mollierchart ° °)°1 5 9% 
x} = 0.97, x5 = 0.885 | Le git nae 


Vj = xiv, =0.97%0:3257= 0.31593 m?/ kg 


V5 = xjv_, = 0.885x1.694 = 1.4992 m° /kg 


Actual velocity of Bi at throat ; ; 
Cy = 44.72, He, = 44. aT 2682. Z = 442. 48 mii 
Actual velocity of steam at exit, ; 


C5 = 44.72), hy = = 4. 2a 3 ous 


Areaat throat, A, = = 2D} =Exexi03 PS =3., x10 n ne 
Mass of steam used per second Per nozzle, — - be 


oe, = 14x10 x449, 43_ 
4 0.31593 


=4, so78xi0-2 “kg Is 


Total mass of steam used per second, m, =Number of: nozzle -. s _ 


=4x4,3978x103 = 0.01750 ke/e | 
.* Quantity of steam used per hour 0™ = 0.01759 ke/s ro 


= 0.01759 3600 = 63.324 kg/h gil 


Energy supplied by the steam to the wheel per: ANS . ; \ ee al 
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Priyg't y asic uiiae Stil 
m,C3_ \,..0.01759x (845.99) 

3] 2 2 eee 

= 6294.57 W = 6.2945 kW 
Power developed; P = n; «6.2945! =0.7x6.2945 =4:406kW ~ | 


1 = 


5.9 Super saturated flow in nozzles (Metastable flow) [May 715, May veils 
"When dry.and saturated steam is caused to expand in a nozzle, the Actual measured 
steam flow is found to be greater than the theoretically calculated discharge. This phenomenon 
is the reverse of what would naturally be expected. In view of the friction losses which note - 
innozzle,it would be expected that the actual discharge would be less than the theoretica 


theoretical, whereas experiments have shown it to be from 1 to 3 percent greater. On the other 
hand, the actual discharge of superheated steam is in good agreement with the theoretical 
yalue when allowance is made for friction losses. The increase in measured discharge to the 
theoretically calculated discharge is due.to the time lag in the condensation of steam 
and thus the steam remains in,dry state instead of wet;.this phenomenon is:known\as 
supersaturation. Sometimes the steam in this condition is saidto.beina metastable state? 
This has been investigated by Wilson and Martin, eerie! ansvioven 

SPL ov 8 Ane 


eyrart tat 


Gat 


vilgoith 


aby: vaerpoats 


This phenomenon is explained as follows :“' ptloONEDA 289 - 

The converging part of the nozzles so short and the steam velocity so high that the 
molecules of steam haye insufficient ime to collect and form droplets sothat normal condensation 
does not take place. Such rapid expansion is said to be metastable and: produces a 
supersaturated state, In this state of supersaturation the steam is undercooled toa temperature 
less than that corresponding to its pressure; consequently the density of steam increases 
and hence the mass flow rate. Prof. Wilson through experiments showed that dry saturated 


steam, when suddenly expanded in the absence of dust, does not condense until its density is 
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; scussed below: 
about 8 times that of the saturated vapour of the same pressure. This effectis di 


ram in the Fig, 

The supersaturation phenomenon is shown'on the A-s and on aa on the pressure 

5.17. The point | represents initial state of the steam in the superheated oR as ration. In natural 
line p,. 1 to 2 shows the isentropic expansion in thermal equilibrium upto s 


egin t 
course at the point 2 where the pressure isp, ,.a change of phase must bi “ salts 
oO! 
condensation should start at point 2, but due to supersaturation the achievement ie dae nace 
between the liquid and vapour phase i is délayed and the vapour continue 


nsation to point 3, 
state instead of wet state. Thus, steam expands isentropically' without conde 
int 33 ‘the limit of 


co) océur ise, 


3 being on the superheat constant presstire curve P3 produced. At poi 


same enthal 
supersaturati onis reached and steam reverts to its normal condition at. 3/-at the PY 


value as 3 and at the same pressure. The process.2 to 3. shows the ee oe 
supersaturation condition which is not in thermal equilibrium. The zone.between the Wilson 
line and dry saturated line is called the supersaturated zone and.the\flow through this 
zone is called the supersaturated ‘flow. This is also,called undercooled because at any 


pressure between »P and P3. i.e; within the super saturated zone, the temperature of the 


vapouris always less than saturation temperature corresponding to ‘that pressure. The steam 
continuous expanding ‘isentropically to a lower pressure to point 4’ ‘instead of 4 which would 
have been reached if thermal equilibrium had been maintained. Consequently, enthalpy drop is 


reduced and the condition of the final steam is improved. The limiting condition of under _ 


cooling at which condensation commences and is assumed to restore conditions of normal 
thermal equilibrium is called the “Wilson line”’. 


Itmay be noted that when metastable conditions prevail the h-s diagratn should not be 


used and the expansion must be er ee to follow the law pv 3 = Cie. ‘with the index of 
expansion for siiperheated steam. snit iW OS RY 


“The telationship, z, IT,= = (p,/ pi) n may be used Ne calbulate suparoote 
temperature. *, A ak 

The difference of supersaturated temperature and saturation temperature at that 
pressure is known as degree of undercooling: ‘Mathematically, 

Degree of undercooling = 73, —Ty ewollot en bor 


211 4. The ratio of pressure corresponding to tem mperature 
corresponding’ to saturation Fergie is kn 


snyonorly aitt 


of super saturdied a and; Pressure 


no rif 
aisha 04 wn \as degre ee of s tipersaturation, 


Degree of supersaturation =. rSOHZNG 21 OF abROGESIWON Ids 
Ps, wot noalBl toner aR Samp » WHA 1A 
i:-i'The problems on supersaturated flow Gannldt be Hesh ac panes 
Solved by Moti 
ler di 


12 15iWw 4 
agram unless 
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Wilson line is drawn on it. ; 

‘The velocity of steam at the end of expansion is found by using the relation 


where subscripts 1 and 2 refer to entry and throat conditions 


e Effects of supersaturation f 
The following are the effects of supersaturation flow in anozzle : 

(1) The supersaturation reduces the heat drop for the same pressure limits, below that for 
thermal equilibrium. Hence the exit velocity of the steam is reduced. 

(2) The supersaturation increases dryness fraction of steam. | 

(3) The supersaturation increases the entropy and specific volume of the steam. 

(4) Since the condensation does not take place during supersaturated expansion, so the 
temperature, at which the supersaturation occurs will be less than the saturation temperature 
corresponding to the pressure. Therefore, the density of supersaturated steam will be 
more than that forthe equilibrium conditions which gives the increase in the mass of steam 
discharged. : a \ 

5.10 Effect of variation of back pressure | [May 715] 


Let us consider a convergent-divergent nozzle as shownin Fi: 2! 5.18, which also show 
the effect of variation of back presstire ina convergent-divergent nozzle, The inlet conditions 
of the fluid is assumed to be constant but back pressure is varied by means of a valve placed 
outside the nozzle. The pressure along the longitudinal section of the nozzle is measured by 
means of asearch tube running centrally along itslength,~—* ' 


When p, = p,, there is no flow through nozzle. When back pressure is lowered to 


the pressures denoted by lines 6 and 5, so that p, / p, <i, but P,/ P, > P,/ Pp,» the velocity 
incfeases in the convergent section; but M< 1 occurs at the throat. The divergen’ ‘section acts 
as the subsonic diffuser in which pressure increases and velocity decreases. == 
: The ideal throat pressure ( p, = 0.5774 p, )is shown at C where the velocity is sonic 
and we see that the pressure of curves 2, 3 and 4 after the throat are well below the ideal 
throat pressure, so that the velocities beyond the throat are supersonic. : ie a yee sat 


|-PPE16_15 
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10g 
ar 
Be 
o 
3 ee 
Fy ete ; 
E. ari 
Saeed pone 
Hrolad 2g giannis 
f 
i biel 


~ Velocity 


volaiomassit a ad aot sisson devon 3) STODT AG 
aestih Fig. 5.18 Effect of variation of back pressure 3 

..,, The curve 1 indicates back pressure for whi » 
the diverging section acts as a supersonic nozzle wi 


> 


continuous increase in velocity, and P3 = Py. 
design pressure ratio of the nozzle. When th 
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The back pressure between p, and indicated by curve 1, flow is not isentropic in the 
diverging part, and itis accompanied by an irreversible phenomenon known as shocks. Shocks _ 
occur only when the flow is supersonic, and after the shock the flow becomes subsonic and 
the rest of the duct acts as a diffuser. Properties vary discontinuously across the shock. When 
the back pressure is as indicated by curve 2, the flow through the nozzle is isentropic, with 
pressure continuously decreasing the velocity increasing, but a shock appears just before the 
exitof the nozzle. When the back pressure is increased from 2 to 3, the shock moves upstream 
as shownin Fig. 5.18. When the back pressure is further increased, the shock moves upstream 
as indicated by curve 4 and disappears at the nozzle throat where the back pressure equal to 


p,-In this case, shock does not occur because supersonic velocity is not achieved. 


Solution: p, = 8 bar, py =4 bar ee 
Subscripts 1 and 2 refer to the initial and final condition of steam under this flow 
respectively. Pont a \ 5 
(i) Degree of undercooling : ae hi i 

: From steam tables, corresponding to a pressure of 8 bar, we find that the initial 
temperature of steam. : RBI ne 


T, = 170.4°C = 170.4 + 273 = 443.4K 


Let T, = Temperature at which supersaturation occurs. 
Theactual temperature of steam at exit is given by 


(n-1) saemertd tog: ot 
a 


03 y ; 
) 1:3 4\13 
git 7; =T, Po 443 a ei 
e P ’ ; 
ites 377.857 K 5 104BSTIC £1 =n botaustscraque at walk ati a 
desis! steam tables, corresponding toa pressure of 4 bar, we find that the saturation temperature, 
rl Ty, = 143.6°C : alae oR 
ea fy 4 oy lh vd 
now! “ Degree of undercooling = 7), ~ 7) = 143.6 104.857 = 38.743°C, “ts Ans 
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(ii) Degree of supersaturation : of T= 104.857° C ,wefind thy 
. ature 2 1 


From steam tables corresponding to 4 bail 


Po, = 1.2 bar 
A 2 3333). 


iN 


—_— 


: aturation = 
~. Degree of supers: Pas 


Solution: Given data ay ‘3 
p, =4bar, p; =1 bar, A, =30 cm2, m= 1, Degree of undercooling 

(i) The steam is expanded in thermal equilibrium é 

For isentropic expansion, the mass flow rate1s given by 


: ’ - z a p73ia1 4 Ol 

ie 2n Py Pa PS Pa : ; sua hoiee ys 

A, \n-ly |p 4) Pe eet ae Sarde 
For dry and saturated steam, : 


n= 1,135, Pp, =0.5774 py Pb iabs flo+ OY = Oo" 


2 xoeas |B Fal scepacuathiedlatuct becouse 
re i ai avi altis oreiate es Sault 


_ From steam tables, corresponding to 4 bar pressure, fe 
v, = 0.4622 mike je 


4x10° Blt wotth 

ei 0.4622 
s.m=.715kg]s =6389.826kgh 

(ii) The steam is supersaturated during expansion : 


When the flow is supersaturated, n= 13.6 3 
The mass flow rate is given by seven the initial condition is dry. 


P ol 4 Pa ; anti ‘ st 
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“Here, n = 1.3, Po / Py = 0.5457 


+” =0.66726 fe 
A, yy 
5 
pe 0.66725) 2%0 
30x10+ 0.4622 


J. m = 1.862 kg/s = 6703.998 kg/h df Ans 
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From steam tables at p, =4 bar pressure, © i 
T, = 143.6°C =143.6 + 273 = 416.6K 
_ ‘ 
1 \i3 
aT, = 416.4) = 302.54 K 
af T, = 29.54°C 
“At pressure 1 bar, the saturation temperature is T,, =99.63°C 


-. Degree of undercooling = T,, ~T; = 99.63 29.54 =70.09°C es Ans 


Solution : Given data (Refer Fig. 5.19) 
P, = 10 bar, T, = 300°C, P3 = 1 bar, m= 1 kg/s, A, =?, 4, =2, 4h, =?, 


ad = ?, Increase in entropy = 2, degree of undercooling, degree of supersaturation =? 
1,2, and 3 represent the inlet, throat and outlet conditions of nozzle. 
“7, = 300 +273 =573K 
Due to supersaturated flow 3 is the actual condition of steam at the exit. For supersaturated 
‘flow, index n= 1.3." : 
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oi = 7336. 82K =63.82°C 


7012 ; 
From steam tables, corresponding to 1 bar, saturation ‘Gideratin is 


= 99,63°C es 
sities of undercooling = T;, —T; = 99.63 - 63.82= 35.81°C_ er 


From steam tables, corresponding to T, = 63.82°C, saturation pressure, 381 


3, = 0.24 bar 
~. Degree of supersaturation = of ie + 4.1667 
pay 20.24 ints. 
Throat pressure is given by” 
a 13 
20\a 2 Vu. 
P =10| ——— = 
=a( sa) aa) eee 
From Mollier diagram a 
‘Ih = 3050 k/kg, hy = 2910 kI/kg, T 5S 225°C, v5 = 041 mfg 
* Actual velocity atthroat, C, = 44.72fi, hy, = 44.723050~ =2910 = 529,134 m/s 
«, Area at throat, A, =—2 72. 1x0.41 


a Sao pag 7 7 T4BS 10-4? = 7485 em? 
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Srathalpydropattheexit, =O. =. Dale a 
ro) ee a eee 
yy) = Ha] | aan RRTTY 
Py cf : 
13 : 1 3 / coil 
258) 1 
=p gayloxior x0 qh ee 
_ = 460839. ete = ‘460. 84 kJ/kg er 
aman 5 coma 


44-72, fh, — ae i aide TRGB 1 960.01m/s 


Ayear gar ca 

BP oat o ae £ 
Specific volume, V3 = é = 0.258) — hee ks 
3 


.. Areaat exit, A, = 


From the Mollier ka 
A Aaisen = 2585 ki/kg PUR AES 8 
-. Isentropic heat drop, (1y.— Myisen j= -3050-- 2585 = = 465 Is 
i , Heat loss in availability, dq = (= “sen 
4.16: 
= Ans 
"4 *. Increase in enthalpy = [7 T ~ 336, 82 An 
é 
f 
} 
t 


Solution : ive aye (For reference refer Fig. 5: 16) 
p, =llbar, Brice 2kg/s,Ay = Lem? 1810-4 2h, 788%, Nu 


nozzles = ?,A,=?, A, =? ee té.C1 OMI 


t AS i: = n 
CARR 
P2-_ 2 \ : 
We know that, p, (3; nar wolt zener by ae oe 
ar eo step wel 
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Since the steam is dry and saturated, n =1,135 


ass 
Pa (_2 y =0.5774 
Pp, \iLt35+1 


p, = 0.5774 p, =0.5774x11= 6.3514 bar 
From the Mollier’s diagram, \x- 
"fy = 2780KI kg, h, = 2680kI / kg, er = 240K kg” 
From steam tables i 
Von = 0.297 m3 /kg, (at 6.3514 bar), Yy3 =1.159m>/ kg iat 1.5 bar) 
Enthalpy at point 2’ ‘ 
1, = hy ~m, (ly — tg) =2780—0.88 (2780 — 2680) rs 


= 2692 ki/kg 
Enthalpy at point 3’ 
h, = h, 0, (ty Fy) = 2692- 0,88 (2692 +2440) 
= 2470.24 ki/kg — . 
From Mollier’s chart f 
x, =0.97, x, = 0.895 nae 
as ic volume of steam; sp (al Aa 
= XV gp = 0.970. 297 = 0: 28809 1 IRS y= es St 
ee = 0.8951. 15910730 Th beer 
Actual velocity of steam at throat ; : ae 
C, =44.72,Jh, =h, = 44: atin 2692 esis ss ; 
= 419.51 
Actual velocity of steam at exit 4 aba 
Cy = 44.72, —h = 44. OT 
= 787.072 ind 


Mass of steam used per second per nozzle, 
AG _ _ !x104x419. st ‘ 
y bose CO teeta 


ARunienstoosies & Total mass flow rate 
Mass flow rate per nozzle 
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ee 
91456 736 say 14 Ans 
Now, total mass flow rate = No. of nozzle x Exact mass flow Tate 
2= 14x Exact mass flow rate per nozzle secon 
.. Exact mass flow rate per nozzle, m, =0.14285 kg /s 
ree ae _ MY) _ 0.14285x0.28809 
.. Exact throat area,, ; ce T4195. 
=9,81x10-5 2 = 0.981 cm?’ “ae Ans 
. wy pene OF . 
i + 2 MV3_ 0.14285X1.0373 ~ 
Exact exit area, ae =i acer 
nel Hodge 45 Chita 22 787,07 2900 of Mes 
=1.8826x10-4 m2 = 1.8826 cm? ~~ “Ans 


Solution : Given data (refer Fig. 5.20) Pee _ 
P, = 6 bar, m = 4.5 kg/s, p3 =.1:6' bar}-loss'= 12%-of isentropic enthalpy drop, 


n= 1.135, A,=?, A, =? 
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Se i 12, 8» 
as Po _ 2 n—1 iy 12 3) \L135-1 azhi.0 Re i a 
we know that fi = n+l 2 1,135+1 be afsvon'to 9! wort i worm 


= 0.578 ‘ \o eecal oem Jgfsxomr ot SNeT 


t 


= =3.468:bar.) 6S! 
Therefore, p, = 0.578, p, = 0.578 %6.=3. 
Reading rom the Mollier diagram, the isentropic enthalpy chan ge 


(fy = Ps), = 230 RB ye oe SO 


Therefore, (h, -h, ) = 0.88x230 = 202.4 Hig. Lo. 
Also from the Mollier diagram, the dryness: fraction at point2 and x is !eSpettively X= 
0.964 and x, = 0.9365; ..... yee). tr yy oLKagael= 
Isentropic enthalpy change from 6 be rentance) fo 3. 468 bar (thea) as read from the 
‘Mollier diagram. Ne : aa 8 ' 


(a= I )= 100k kg” Rea Meee gh ‘ 
Forac accurate values of dry saturated. sucht volumes use steam able 
Vy = 0:5312m kg, v, y= LOBL Tin kg a 


s from bar 6 1:6 bar: ° 


pei eta: 0.513m3/kg i — 


V5 = X4Vq9 = 0.9365X1.0911= 1.022? / kg 
Also, the "2 [a of steam at the throat i is given by 


C, =44.72 fh, - = 4.72100: =447 miss 


and the velocity of steam at ne exitis: given by, 


C;=44.72 4 -h, = “unm. = 636, 24m!/ 


s- 


Also the mass flow rate is fiver by ms 


x. 


“447.2 =0.005 16im2~ 


= im pn a 


Therefore, A,=—* 
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B y 
m= atexit 
} “mv, _ 4.5x1.022 
2A =— 2 = = 0.007228? 
: Go eee 
2 2. sth tone \ 
' . =72.28em*, gue i Ans 


5.1 Whatare the functions of steam nozzle ? ¢ , 
5.2 Explain the functions of the convergent portion, the throat and the divergent portion of 
aconvergent-divergent nozzle with reference to flow of steam. 
'5.3° Describe different types of nozzle with neat sketch. | 
5.4". Derive an expression for Velocity of steam at exit of nozzle. 
5.5 ‘Definethé term ‘nozzle efficiency’. 
(5.6... Derive an expression for mass flow rate of steam through the nozzle. 


5.7 Starting from fundamentals, show that for maximum discharge through nozzle, the ratio 


of throat pressure to inlét pressure is given by (33) ' where ‘n’ is the index of 
n+1 oe 


‘9° “isentropic expansion Of steam through the nozzle, : 
38 What is critical pressure ? Derive the expression of critical pressure ratio to have 
maximum mass flow for a’nozzle, if the steam expands according ‘to pv" =C 
isentropically. Explain also its physical significance. *’ asi 
§.9.°°'State the governing equations used for steam flowing through nozzle. Using these 
“equation, derive the condition to have maximum mass flow rate of steam, flowing through 
si onozzle.' What are the values of index ‘n’ for dry-saturated and for superheated steam ? 
5:10 Explain physical si gnificance of critical pressure ratio. + ‘ 
5:11 | Discuss briefly : the effect of friction on velocity, enthalpy, specific volume, and condition 
“of steam at exit of steam fiozzle: sabi aes Oh : 
5.12: Why is the convergent-divergent no 
br) anozzle for particular type of job?” te 
5.13. Explain general relationship between area-velocity and pressure in nozzle flow. 
5.14 Explain the supersaturated or metastable flow of steam through a nozzle and the 
I significance of Wilson's line. 
persaturation on discharge and heat drop ? 


a7le is used in steam turbine ? How will you select 


15.15 Whatare the effects of suj 


Oo 
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Fis Explain the process of: super-saturation in the steam nozzle with the help of H-S diagram, 
, Also define degree of undercooling and degree of supersaturation. 


5.17 Explain the effect of variation of back pressure of nozzle. 


Unsolved Numerical Problems 


bar and 200°C is supplied to a convergent divergent nozzle 
= ahh re mane che mm2. The exit is below critical pressure. Determine the 
coefficient of discharge, if the flow is 5500 kg of steam per hour. [Ans : 0.934] 
5.2 Estimate the mass flow rate of steam in a nozzle with the following data : 
Inlet conditions = 10 bar pressure and 80°C superheat 
Back pressure = 0.5 bar : ; ; : 
Throat diameter = 12 mm [Ans : 0.131 kg/s] 
5.3. Dry saturated steam at a pressure of 10 barenters a convergent-divergent nozzle and 
leaves it at a pressure of 1.5 bar. If the flow is isentropic, and the corresponding expansion 
index is 1.135; find the ratio of cross-sectional area at exit and throat for maximum 
discharge. ; mae [Ans : 2.055] 
5.4. Steam enters a group of nozzles of a steam turbine at 15 bar and 250°C and leaves at 
1.5 bar. The steam turbine develops 250 kW with a specific steam consumption of 12 
kg/kWh. If the diameter of nozzles at throat is 8 mm, calculate the number of nozzles. 
[Ans: 10] 
5.5 Steam expands ina set of nozzles from 12 bar, 300°C to 1 bar. The convergent part of 
_ the nozzles are sharp and frictionless. In the divergent part, the friction loss may be 
taken as 14% of the isentropic enthalpy drop. If the steam flow rate is 1 kg/s and the 
initial velocity of steam is negligible, find the minimum area of the nozzles. If the exit 
diameter of nozzles is 30 mm, find the number of nozzles. 


[Ans : A, = 6.2366 cm?, 3 nozzles] 


5.6 Steam ata pressure of 12 bar and 0.95 dry discharges through.a nozzle having throat © 
area of 430 mm. If the back pressure is 1 bar, find (i) final velocity,of the steam, and 


(ii) cross sectional area of the nozzle at exit for maximum discharge..; ;....5} 9) 
. f [Ans : 883.15 m/s, (ii) 1093.61 mm?] 
5.7 Anozzle is supplied with steam at 7 bar and temperature300°C and discharge is at 1 
bar. The diverging portion is 50 mm long and throat diameter is5 mm. Assuming 10% 
of the total enthalpy drop to be lost in friction in the diverging portion of nozzle find the 
cone angle of the divergent portion. ; [Ans : 26 =2.2°] 

5.8  Anozzleis supplied with steam at arate of 1 kg/s from inlet conditio: f 10b: ' 
saturated and exit pressure of 1 bar. The isentropic efficiencies for th : : 
section and divergent section are 0.95 and 0.9 Tespectively, Determi : ite 
and exit diameters, (ii) length of divergent section if the semicone a ee i a = 
section (8) is 7°, (iii) power in kW corresponding to the exit teats . =e 
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[Ans : (i) D, =2.27cm, D, =3.2. cm, (ii) L=3.8cm, (iii) 917KW] 
5.9 Animpulse turbine having a set of 24 nozzles receives steam at 20 bar, 400°C. The 
‘pressure of steam at exit is 11 bar. If the total discharge is 300 kg/min and nozzle 
efficiency is 92%, determine the cross-sectional area of the exit of each nozzle. If the 

steam has a velocity of 70 m/s at entry to the nozzles, find the percentage increase in 


discharge. [Ans : 8.4x10~ m?,0.72% ] 
5.10 Aconvergent-divergent nozzle is supplied with steam at a pressure of 10 bar and 


230°C. Supersaturated expansion occurs according to pv'3 =c inthenozzledown 
to an exit pressure of 3.2 bar. The exit diameter of the nozzle is 25 mm. If the flow 
through the nozzle is chocked, find (i) exit velocity, (ii) mass flow rate, and (iii) throat 
diameter. [Ans : (i) 662.95 m/s, (ii) 0.6178 kg/s, (iii) 0.0235 m] 
5.11 Aconvergent-divergent nozzle is supplied with steam at a pressure of 12 bar and 
250°C. The exit pressure is 2 bar. The condensation does not take place while the 
steam is in the nozzle due to supersaturation. Determine the throat area, degree of 
undercooling, degree of supersaturation exit area and actual enthalpy drop for mass 
flow rate of 1 kg/s-,,. [Ans : 5.998 cm?, 47.33°C, 5.714, 9.27 cm?, 339.16 kJ/kg] 


Objective Type Questions 


1. The main function of steam nozzle is to convert 

(a) pressure and heat energy of steam into mechanical work. 

(b) kinetic energy of steam into mechanical work. 

(c) pressure and heat energy of steam into kinetic energy of steam. 

(d) kinetic energy of steam into pressure energy of steam. 
2. _ Itisrequired to increase the velocity of steam from negligible to supersonic velocity, 


which nozzlé you will select. °°" 7 
~ (a) convergent jaan (b) convergent-divergent 
'(c) divergent") ieee alll of the above daha ere ol 


3. Thevelocity of steam leaving the nozzle is given by 


(a) 44.72 hy svivdusitl Hh) 44272: ha caleanstis reerabits) 
(©) 72.44,)/h, = hy, 12.44 Ig ise iE 


4.  Whatis (are) the effect(s) of friction on nozzle performance ? a) 


(a) reduction in final velocity »-):. %:, « \(b)increase in final dryness fraction. | .,) 
(c) increase in critical pressure (d)alloftheabove . «. ; ,) 


Nar 
MIO Wi tes 


5, The mass flowrate through nozzle is given by: i" « panalesinsd eh ¢] 


sOV} easier act 
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Thermal Engineering: — 


The critical pressure ratio for maximum mass flow rate per unitarea of nozzle is given by ~ 


tT 2 ea ai 2 nel 
(a) (= (b) ei © (I a a be »( 2 i 


The critical pressure ratio for initially dry saturated steam i AS, ned be asesin 13) 


(a) 0.5774 (b) 0.5457, , (©) 0.548. ovvuy-(d) 0.59 - 
The critical pressure ratio for initially superheated steami is 5 esd ab en 
(a) 0.5774 (b) 0. 5457 ,, c).0. 548,” oe ta vey (d) 0.59 


The flow of steam is supersonic ' ail 
(a) in the convergent portion of nozzle. 6) at the throat of the aintong 

(c) at the inlet to the nozzle. G (d) inthe divergent portion of the nozzle. 
The difference of supersaturated temperature and saturation temperature at that pressure 
is known as ie, ere ‘ 


(a) degree of superheat 0) degree of supersaturation 

(c) degree of undercooling: » ‘ (d)allof the above ch 

In anozzle, the effect of supersaturation is to a 

(a) increase the dryness fraction of steam We 

(b) reduce enthalpy drop. i t tte (apocttn it fore 
(c) increase the entropy and specific volume of seam ; jin 
(d) all of the above. 


The critical pressure ratio of convergent nozzle is defifed as i 1 
(a) The ratio of inlet pressure to outlet pressure only when Tass flow rate per unit 
area is maximum. pe! 
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(b) The ratio of outlet pressure to inlet pres: 
ismaximum. , 
(c) The ratio of outlet pressure to inlet pressure, 
(d) The ratio of outlet pressure to inlet pressure only when mass flow rate per unit area 
isminimum. 
13. When the back pressure of a nozzle is below the designed value of pressure at exit of the 
nozzle, the nozzle is said to be 
(a) over expanded : ~ (b) under expanded . 
(c) chocked (d) none of the above 
14. Due to supersaturation in steam nozzle : 
(a) actual mass flow rate of steam is less than calculated value. 
(b) actual mass flow rate of steam is equal to calculated value. 
(c) actual mass flow rate of steam is more than calculated value. 
(d) none of the above. 


Se asl eee eee ee 223° 
sure only when mass flow rate per unit area 


Answers 


1.(c) 2(b) 3@) 4@ 5b) 6© 7.(a 
8.(b) 9.) 10.(c) IL. @- 1256) -13.(0)" 14.0) 
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6.1 Introduction 
6.2. Principle of operation 
6.3 .Classification of steam turbines: i 
6.4. Compounding of steam: turbines... i Nd) 
, 6.4.1 Pressure compounded impulse turbine (Rateau Turbine) 
6. 4,2 Velocity.compounded impulse turbine (Curtis turbine) ; 
6.4.3 Pressure -Velocity compounded of impulse turbine wove HATA TTS 
6.5 Impulse turbine - velocity diagram a ; bank arnnee te 
, 6.5.1 Calculations for work power and efficiencies 3 ¥ a: 
6.6 Condition for maximum blade effi clerics of impulse. purines : 
6.7 Reaction Turbine ‘s 
6.8 Velocity diagram for reaction turbine '' 
6.9. Degree of reaction 
6.10 Parson's turbine 
6.11 Condition for maximum n effi was of Parson’siveaction turbine’ ; 
6.12 Reheat-factor )))) oa piace 2 coaohadneitegnedan wk 
6.13 Internal and other efficiencies . rae 
6.14 Governing of steam turbines 
6.14.1 Throttle governing . 
6.14.2 Nozzle governing 
6.14.3 By-pass governing 
6.14.4 Comparison of throttle and; Ata governing 
6.15 Methods of attachment of blades’ 7 
6.16 Labyrinth packing fis 
°6.17 Losses in steam turbines ,-.,... 
6.17.1 Internal losses «;; 
6.17.2 External losses ’ aa - 
6.18 Special types of steam tiirbines nee Vee 
6.19 Back pressure turbines, «33: 2eOIUE A 
"6.20 Pass out turbine or Extraction. turbine, 
6.21 Mixed pressure turbine 


aidan bul gat 


6.1 Introduction okt” ndbomalensi aoa 
A-steam turbine:is a‘prime mover which Koitintibusly converts the | energy of 
! 
} 
} 
| 


high pressure, high temperature steam supplied by a‘steam’ generator ‘into shaft work 
with the low temperature steam exhausted toa condenser. This er conversion cecil 


rewotic O slb ists 


occurs in two Steps: 
— M_PPEI6 16 
SEE ———E————————————— 
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226 . 
pands inefficient nozzles ang 


(1) The high pressure, high temperature steam first ex 
comesoutatahigh velocity. ~ 


(2) The high velocity jets of steam coming out of the nozzles, impinge on the bladeg 


mounted ona wheel, get deflected by an angle and suffer a loss of momentum which is absorbeq és 
: i \ 
by the rotating wheel in producing torque. - f vf ‘0 
‘Asteam turbine is basically an assemblage of nozzles and bi des. % f fn 
over reciprocating steam engines : i eo 


The steam turbines offer following advantages rf : : 
(1) A steam turbine has higher thermal efficiency than reciprocating steam engines, 


(2) The power delivered by the turbine is uniform, hence itdoesnotneedany — flywheel, 

(3) The steam turbines can develope high rotational speed (1 8000-24000 rpm) but 
such high speed is not possible in the case of reciprocating steam engines. — 

(4) Steam turbines are perfectly balanced and hence present minimum vibrational, 
problem. ; Ads 

(5) Itneeds no internal lubrication due to the absence of rubbing parts. - 

(6) Itis compact and it has low weight to power ratio. 


) 


6.2 Principle of operation [May 13) 
If high-velocity steam from nozzle exit is allowed to blow on.to acurved blade, the 
steam will suffer a change in direction as it passes across the blade and leaves it as shown in | 


an 


Fig. 6.1. YLT) ‘ \ 
: Force iis oun O ea 
St a \ u Santogdad OV 
eam : ‘ <i 
out Steam ; : 

in 


Fig. 61 Principle of operation of steam turbine 

As aresult of its change in direction across the blade, the ste ili bt 
é : : ‘ . eam will im) rce to 

the blade. This force will act in the direction shown in Fig.6.1. : part a fo ef 
Nowif the blade were free to move, it would move in the direction of fore ‘ eted 

, e direction of 
If, therefore, a number of blades were fixed on the circumference ofa oe 
rotate on a shaft, then steam blown across the blades in the way described Id the 
disc to rotate. This is the working principle of a steam turbine, berms” a 
The arrangement of simple impulse turbine is shown j Fi 
wn in Fig, : ‘ 1 
nozzle ora set of nozzles, a rotor mourited on a shaft, one set of sor oe consists q a 
rotor and acasing. The uppermost portion of the diagram shows.a lon B blades aitaghed td 

the upper half of the turbine, the middle portion shows the i dena ae tol 
ent of the nozzles ane) 


hes 
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ottom portion shows the 
steam through passage of 
the De-Laval turbine. 


Steam Turbine 
blading i.e. the actual shape of the nozzle and blading, and the b 
variation of absolute velocity and absolute pressure during flow of 
nozzles and blades. The principle example of this type of turbine is 

Itis obvious from the Fig. 6.2 that the complete expansion of stearn from the boiler 
pressure to the exhaust pressure or condenser pressure takes place only in one set of nozzles 
ie. the pressure drop takes place only in nozzles. It is assumed that the pressure in the recess 


between nozzles and blades remains the same. The steam at condenser pressure orexhaust 
he pressure of steam in the 


ser pressure. 


pressure enters the blade and comes out at the same pressure i.e.t 
blade passages remains approximately constant and equal to the conden 


j ’ 


1 


Casing 


'2''Steam “ 
T,exhaust) lls 000) 78 


Blade'rotor | 


Labyrinth packing '.1\- 


an 


» Turbine shaft 


Blade motion 
hex? direction 
fojt a slsvoy4 
2 Nelocity 
4 j : yt 
a ; 
\ f a Lost-velocityr—” 
Steam ae ae 
pressure { > pee ons pressure 
Entering velocity— ° . SN 
ofsteam ) ‘y i 


. Fig. 6.2 Arrangement of simple-impulse turbine : 
, The steam leaves the nozzles at a very high velocity (supersonic) of about 1100 m/s. 
he steam at such high velocity enters the blades and reduces along the passage of blades and 
omes out with an appreciable amount of velocity, The loss of energy due to this high exit 
elocity is commonly the carry over loss or leaving loss,..°.., ox sowiks o\ volsoroh AS 
.3 Classification of steam turbines - onietari we(Maay *14] 


The steam turbines can be classified as follows oye ol ond MOE i 
1) According to principle of operation : 
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a) Impulse turbine: : dal : 
. rT the flow of steam through the nozzles and moving blades of a turbine takes 


place in such a manner that the drop in steam pressure takes place only in nozzles and 
not in moving blades, sucha turbine is called impulse turbine. In other words, in impulse 
d only in nozzles and pressure at the outlet side of the blades ig 


turbine, the steam is expande: E 
equal to that at inlet side: This is obtained by making the blade passage of constant cross- 


section area.\\-- ' (ris ; m4) 
Asa general statement it may be stated that energy conversion takes place only in i) " 
nozzles, and moving blades only cause energy transfer. a 
Examples : De-Laval turbine, Curtis turbine and Rateau turbine. ) 
(b) Reaction turbines : : e : os 
Inthis type of turbine, there is a gradval pressure drop and takes place continuously | () Su 


ction of the fixed blades is (the same as the 


over the fixed (nozzle) and moving blades. The fun 
pand to a larger 


nozzle) that they alter the direction of the steam as well as allow it to ex) 
velocity. This is achieved by making the blade passage of varying cross-sectional area. 
In general, it may be stated the energy conversion occurs in both fixed and moving 
blades. The rotor blades causes both energy conversion and energy transfer. These turbines }§) 
are basically the impulse - reaction turbine butin practice these are called reaction turbines. | 
Example : Parson’s turbine. - Shae age : 


Acco? 


The difference between impulse and reaction turbine is shown in Fig: 6.3 


Moving a : , 
ni stblade, Ss Fixed Moving 


Nozzle fA 


Impulse turbine : Reaction turbine | 
Fig. 6.3 Difference between impulse turbine and reaction turbin 
(2) According to direction of steam flow: : > nttins 


(a) Axial flow turbine : , 
Inaxial flow turbine, the steam flows along the axis of the Shaft. Itis the sat suitable 
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ane for large turbo acca and that is why itis used in all modern steam power plants. 
0) Radial flow turbine: 


In this turbine, the steam flows in radial direction. It incorporates two shafts end to 
end, each driving a separate generator. / 
6) Tangential flow turbine : 
In this type, the steam flows in the ppena leit This turbine is very robust but 
not particularly efficient machine. 
(3) According to the inlet steam pressure : ae ta 


(a) Low pressure, upto 2 bar ( | enshito’D| ) 

(b) Medium pressure upto SObar ee Sea 

(c) High pressure above 50 bar Lam agliod 
(d) Supercritical pressure above 225 bar 


ger, (4) According to number of energy conversion stages}... ».» 
ikem. i 1s 

ing (b) Multistage turbine ronichiud: 

nes DET method, Bf sonerningsé. avy miletatooist ert ot ort srt il 


(a) Throttle * 
(b) Nozzle. = RE ee rt 
()By-pass yen as said omzena-tosd sil vg . * L ma . 
(d) Combination of Throttle-bypass or Nozzle- bypass 5 . 
(6) According to rotational speed of turbine : 
(a) Constant speed turbines ° 
(b) Variable speedt turbines 
7) According to means of heat rejection : 
(a) Condensing turbine: ~ 
Inthis turbine, the exhaust steam isc 
ed as feed water ‘in the boiler.as shown in Fi 
lows the steam to expand to the lowest possible 
wer plants use this type of turbine. 


) Non condensing turbine : 
t from the turbine is not condensed but exhausted 


When the exhaust steam coming ou 
nthe atmosphere is called non-condensing turbine (Fig. 6.4(b)). The exhaust steam is not 


vered for feed water in the boiler. ny 


iwi 


| 


ohdensed in a condenser and the condensate is 
ig. 6. 4(a). Therefore, the condensing turbine 
pressure before being ¢ condensed. All steam © 
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= a High pressure ast 


High pressure steam F 
steam (? f 
oe 
Steam f 
Steam turbine hy F 
turbine ie 
Low pressure 
steam 
Steam fo “9 
atmosphere a’ 
atmospheric 
essure 
Condensate PIEss 
to boiler ¢ 
(a) ain yer om 
Fig. 6.4 Condensing and non-condensing turbine 
(c) Back pressure or Topping turbine : alent 
In this turbine, steam is rejected after expansion to the lowest suitable pressure (above 
atmospheric) at which it is used for heating purpose. Thus back pressure turbine supplies 
power as well as heat energy. The back pressure turbine as shown in Fig. 6.5(a) generally 
used in sugar industries. eee ‘(it 
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Fig. 6.5 Back pressure and pass-out turbine 
(d) Pass-out turbine ; : 
In this turbine, a considerable 


point in the turbine where the pressu 
continuing through the turbine. The 


Proportion of the steam is extracted from some suitable 
te is sufficient for use in process heating; the remaindef 
arrangement of this turbine is shown in Fig. 6.5(b), This 
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=. of turbine is sui table where there is dual demand of steam one for power and the other 


dustrial process heating e.g. sugar industries. 


t 
forin 
(e) Regenerative turbine: 


The arrangement of regenerative turbine is shownin Fig. 6.6. This turbine incorporates 
i which small proportions of the steam are continuously 


anumber of extraction branches, throug! 
extracted for the purpose of heating the boiler feed water in a feed water heater in order to 


increase the thermal efficiency of the plant. 
‘ PETE Fy High pressure 
' steam i 


Steam 
turbine 


Low pressure 
steam 
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, "Fig. 6.6 Regenerative turbine 
[May °15, May 713, May 212) 


Inasimple impulse turbine, high velocity steam is allowed to flow through one row of 
moving blades, it produces a rotor speed of about 30,000 rpm which is too high for practical 
se. Not only this, the leaving loss is also very high. These difficulties can be reduced by 
aking use of more than one set of nozzles, blades, rotors, in a series keyed to acommon 
haft, so that either the steam pressure or the jet velocity is absorbed by the turbine.in stages. 
he leaving loss also will then be less. This process is called compounding ot staging of, 


team turbines. Compounding is a method for reducing the rotational speed of the impulse, 


turbine to practical limits. Hi 
ey ,, There are three main types of compounding ;.., 


(1) Pressure compounded impulse turbine, 
(2) Velocity compounded impulse turbine, saunisive 
locity compounded impulse turbine... Poin 


(3) Pressure and ve rt : 
impulse turbine (Rateau Turbine) [Nov. 14] - 


.A.1 Pressure compounded i 
he total pressure drop (steam generator pressure to condenser 


In this type of turbine, 
ressure) is divided into number of stages. Fach turbine stage is provided with one raw of 


Feed 
water 
heater 


Hot feed 
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6.4 Compounding of steam turbines ~ 
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; i hown in Fig. 6.7,; 

fixed blades which work as nozzles followed by a row of moving pe as Lal a = or 
"Steam enters the first row of nozzles where it suffers a partial ee ote 

result of that its velocity increases. The high velocity steam passes on to the 1g 


blades where its velocity is reduced as shown in Fig. 6.7. 
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Fig..6.7 Pressure.compounding of impulse turbine . ,;; \-, 
The steam then passes into the second row of nozzles where its pressure is again 
partially reduced and velocity is again increased. This high velocity steam passes from the 
nozzles to the second row of moving blades where its velocity is again reduced. a 
____ Thus pressure drop takes place in successive stages. Since a partial drop of pressure 
takes place in each stage, the steam velocities will not be so high with the effect that the turbine 
will run slower. le ad 


Advantages : . 
(1) The pressure compouriding is quite efficient, 
(2) It has constant blade velocity to steam velocity ratio, 
Disadyantages : , ; . 
(1) Itneeds more space since high number of stages are required, 
(2) Its initial costis high ‘ 
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6.4.2 Velocity compounded impulse turbine (Curtis turbine) [May 714, May712] 


In velocity compounded impulse turbine, the pressure drop is full in one row of nozzles 
like that in simple impulse turbine but the resulting kinetic energy is absorbed by the rotor in'a 
number of rows of moving blades with a ring of fixed blades in between two rows of moving 
blades. The fixed blades are mounted on the casing, while the moving blades are keyed in 
series on acommion shaft: The function of the fixed blades is to correct the direction of entry 

of steam to the next row of moving blades... 
The high velocity steam leaving the nozzles passes o onto the first row of moving blades 
where it suffers a partial velocity drop as shown in nh. 6.8. 
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Fig. 6.8 Velocity compounding of hae turbine 


The direction of steam is then corrected by the next row of fixed blades and theni it 

* enters the second row of moving blades. Here the steam velocity is again partially reduced. 
Since only part of the velocity of the steam is used up in each row of ne moving blades, a 

slower turbine results. ; eich 

Advantages : 

(1) Itrequires less number of stages and ess space. 

(2) The pressure drop takes place in. nozzles, hence turbine casing has’ to ‘withstand low 

pressure. 
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(3). It’sinitial costis low. 
(4) Its starting is easier. 
Disadvantages : val } 
(1) Due tohigh velocity of steam friction losses are more. 
(2) Its efficiency is low and keeps on decreasing with number of stages. 
_ (3) Blade velocity to steam velocity ratio is not optimum for all the rows. 


6.4.3 Pressure - Velocity compounded of impulse turbine ins Hadetl «. 
To take advantage of both pressure compounding and velocity compounding, a 
combination of pressure and velocity compounding is used. ae. 
The arrangement of this turbine is shown in Fig. 6.9. Steam is expanded partially ina 
row of nozzles whereupon its velocity gets increased. This high velocity steam then enters a 
few rows of velocity-compounding whereupon its velocity gets successively reduced. 
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Fig. 6.9 Pressure-velocity compounding of impulse turbine 


The velocity of the steam is again increased in the subs 
it is allowed to pass onto another set of velocit 
reduction of velocity of the steam. 


sequent row of nozzles and then 
y compounding that brings about a stagewise 
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6.5 Impulse turbine - velocity diagram) j-)-1: jn [Sep.?13, May ?13] 


We have already discussed that in an impulse turbine, the steam jet after leaving the 
nozzle impinges on one end of the blade. The jet then glides over the inside surface of the blade 
and finally leaves from the other edge as shown in Fig: 6.10. It may be noted that the jet enters 


‘and leaves the blades tangentially for soni entry and: exit., ii pas aie 


_ Inlet yelocity triangle 


ne =absolute velocity of steam at the outlet from the blade, ‘i . 

V,, = linear velocity of the moving blade, m/s. ..... ' oof 

V,, = relative velocity of steam to moving blade at the inlet, one s. : 

V2 =relative velocity of steam to the moving blade at the outlet, m/s. 

V1 = Velocity of flow at inlet, m/s. Itis the axial component of V4. 

V r2 = Velocity of flow at outlet, m/s. It isthe axial component of | Vp. 

Vin= “Velocity of whirl at inlet, m/s, Itis the horizontal component of Ky. 
V,,2= Velocity of whirl. lat outlet, m/s. Itis the horizontal cans pent of Ma: 

a=nozzle angle, ~~ Ley 

6= blade angle at inlet, 

$= blade angle at outlet, 

B=angle of discharge of the exit stéanWith the tangent is the ated, 
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rit tor, Vp s these’ 

‘Since both the inlet and the exit velocity triangles have the uci ae problems. : 

tWocan be combined into a single diagram, for the sake of conyeniencé in ne Jiding over its 

Assuming thereisno frictional loss at the blades, relative velocity ofsteamwit © let resp exit 

Surface will remain constanti.e. V,1 = V;2'-The combined velocity diagram a os 


of moving blades is shown in Fig. 6.11 , G 


. Fig. 6.11 
The effect of blade friction on velotity diagram... 
In actual practice, there is frictional resistance to the flow ‘of steam jet over the blade, 


Bi ty, V,. which isin the range~ 


the effect of which is to cause a slowing down of the relative ve 
of 85 to 90 percent of V,;. Thus due to frictional resist Vin is less than V,,. Therefore, 
Blade velocity coefficient, -. 
Relative Velocity at exit of me 


L903 sr = 
ing blade’ V, FS iiaa ae tees _ 


panier Oo Niet eae torre 
Relative velocity at inletto moving blades You wi 


1Vi9 = KV 54 bold sft rel tal isola t 
Fig. 6.12 rig ighirers vector -diagrain considering. effect ‘of friction! aN 


: =e “ 
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_Steam Turbine‘ ioe 
6.5.1 Calculations for work, parent and efficiencies : 


(1) Work and power : ? 
By Newton’s laws, Sy Sy 
Force =Rate of change of momentum 

Cees = (Mass) x (Change of velocity) 
These change in velocity of the whirl produces the force on the blades. 


5 Foren. 5 = m(Va - Via). i gien}xentt? 
It could be noticed from Fig. 6. i that the velocit 


itinw wink 


y of wale at exit roi is se: ae 


‘opposite direction to that of ar Hence, V, Vuo is actually negative cc 


of blade velocity Vs: ‘Therefore, the total velocity of whirl Vy becomes the roalnetralc sum of 


the two velocities of whirl. ud rovig af ,{t YOMsIott 2 93} 
= =Y, # 
a (6.1) 
Power developed. by-the- wheel; 
P= Work done iss separ Ul qomb isael oiqanige 
rn ¥: scrooad ) aft 
(6.2) 


(2) Blade efficiency : ' . 
It is also called diagram efficiency. It is the.ratio oft the, done on-the blades 


to the energy supplied to the blades. The energy saree per wails of an impulse turbine is 
equal to kinetic energy of steam exit from nozzle. ane eee aes 
gisail © Workdone.on‘the blade 8032 8 = 
Energy supplied to the tet Tan : 


loothy no fastill inrxs of} (63) 
nidas? Selgin do vonsieilts shaid mun tibnag} 3.0 

_ Bladeeffciency can also be defined, sal 
[fi a@hiangain KiE.of ‘steam io: 
Jitivo9 vitouloy Keke SUPPHediy A=, NN oN bow A nefieealei © coasntal aC 
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kot pe (6.4) 


J ls BR’ _ 99° 
Blade efficiency will be maximum when V2 is minimum i.e. when B = 90° or the 
discharge is axial. mts + ‘mn 13 
(3) Stage efficiency: . cei sang. w taspH i Pia t 8} 
~""', row of nozzles (fixed blades) and a row of moving blades constitute a ; 
stage of tiirbine. The enefgy supplied corresponds to the isentropic heat oii aia int : 
nozzles. The stage efficiency 7, is given by “* 


_ Work done : 
Energy supplied_per stage: 

cen VMie- tO 
AHx1000  |Ahx1000 - 

where Ah =isentropiche: 


“Ns 


evan (6.5) 
T g of steam, ki/kg, - : ' 
AH = isentropic heat drop, kJ =m(Ah) Gontob HioN = Burt 


The stage efficiency becomes equal to the blade efficiency if there are no friction 
losses in the nozzles. a Sea aN aM 


“Ns =Nn XN 
’ where 1), is efficiency of nozzle. ils 2 
(4) Axial thrust’) 007°"! Boe fee! wee TSep. 713] 
Axial thrust, F,, = mass X acceleration in axial direction’ ¥ 0°12 Sor 
=mass per second x change in velocity in'axial direction. 


\ 


f Fa Ax Lis F ...(6.6) 
The axial thrust on the wheel is due to the force exerted.as a result of the 


change of momentum in axial direction. The thrust bearings are provided i rate of 
V1 . . 
to take the axial thrust on wheel. Providedin the turbine in order 


6.6 Condition for maximum blade efficiency of impulse turbines 
Letus consider the case of single stage impulse turbine. He 

‘ : » Hen Sopdet 

the channel is taken into account and accordingly the velocity bert ie Feet OF fiction in 


ae fi is shown in Fi 
Dueto friction V, is lessthan V, and V,2/V,1 = K, where Kis blade ioe : ‘ Je oe 
ity Coefficient, 
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which is always less than unity, - 


We know that the blade efficiency is, n, = 2 Vw Vb 
Vi 
From the velocity diagram find the value of Vy Vp 
Vp =Vyi +¥e5 = CD 4 De 


=V,1 Cos +V,, cos =V,, cosO 14. Vr2 0088 
; F 1 coSO 


=V,, cos6 (1+ KB) where B 216080) 
i ; I cos@. - 


qual, so for this analysis we assume that B is a 


Since 9 and @ are usually almost 
constant, We have -~———/- 


, 


V,,cos@ =V, cosa -V, E 
Vy =(Vj cosar—V, )(1+ KB) eo 
1.2V,V; =2V; (Vj cos av, (1+ KB) ad 
ie Ne Cee Ys) OID “ : on 

f at 


where Pp = ab is the ratio, of blade speed to steam speed and:is-commonly called 
1 


as Blade speed ratio. The blade speed ratiois a very important factor in the design of steam 
turbines. The efficiency of the turbine depends upon this factor. 0-1): 


Equation (6.7) is the equation of the parabola which is shown in Fig. 6.13. From the 
graph is obvious that the blade efficiency increases as p is increased until p reaches a value 
which is approximately one-half, after which blade efficiency decreases.) 6 0:1) 01 bunared 


For maximum blade efficiency, differentiation with respect p should be zero. 
7 Ae 9 = 2(cosa=2p i+ KB) 

.2(1+ KB)(cosa.-2p) =0 aed 3 ee 
“cosa -2p =0 pee 2 


to wy a0 Kintvo wo mre 
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Fig. 6.13 Blade efficiency =. . p 


Therefore, optimum value of p is 


(6.8) 


Substituting this value of p in equation (6.7); we get 


cosa cosa cos” a ‘ 
3) 


(ne) si =ntien| 28s sa ig BYE Din) 


JO EIOISL! ta Qt " 
<ED in 
hneq ofsiowion: ‘i buy i 
oti is sufficiently accurate toa assume syne blades (0 -#) andno ofiction! in fluid 


passage for the purpose of analysis. “ty 2) Fre vtt Vay bonny lousnis. equ eb dontw 
“K =1, and B=] i f : ' 


sa)f=0 (6.9) 


The maximum power output per kg ofst steam msffeatae fe 
stage impul: 
equiangular blades and for without friction is given by: viNds ( eng tine = 


Maximum Power, (P) max = (Vy Vs a page 


=[%, (Keosa—v,)(i+KB)] W/kg 


Scanned with CamScanner 


wets Aveill yi 
Substituting the value of v i 


1 » we have 
‘opt 


wx = Ve for K=tandpay Mh vac 


Solution : Given data 
V, =1400 m/s, @ =15°, V, = 


450 m/s, 0=, m=1000 kg/h = 1000/3600 kg/s, 
K=Vyx/V, =0.8 CRN. Os: any Soe Se 
(i) The blade angles, weer i 
With this data, the velocity dag is aan in m7 6.14. te, blade angle at inlet 9 is 
measured which gives 9 =22°. ; 
Since the blades are syminetrical, So” 
0=9=22° ree 
(ii) The relative velocity of steam entering the, blades. : 


wiht 


elie. 


(68) 


Pop vats = 1622.69: mist ‘ 


FV, = 450 m/s] g _ 990 nts 3 


“5 lm 


Fig. 6.14 


: Fz (AX f winthioend) awousd atti sont 
6.9) The relative velocity at inlet V,. is measured which gives .. 
id 7297249 mis OLE CRI ONS OB» ax 
The relative velocity at outlet, V.2 = KV, =0.8x972.49 iin sie aa . 
é = 777,992 missive Bot vor mak 
m0) i Ww 


A PPE1G 17 
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and @ = 22°, sothe outlet velocity triangle can be drawn. ; 
£.V y = Voy +V yp = 1622.69 mis 

(iii) The tangential force on the blades, 

BF =m(VytV¥u2)= Vy 


= 1000 , 1622.69=450.747N Ans 
3600 


(iv) The power developed, ° 
es mV Vp _ 1000 | 1622.69x450 
1000 3600 1000 

= 202.836 kW Ans 

(v) The blade efficiency, 
AY 450x1622.69 | 
es Bache OES ora ' 
vi (1400) ‘ 

74.51 % ; ; Ans, 


Nb 


Solution : Given data : : 
V, =700 mls, 0-= 20°, D =1200 mm =1.2m, 0 = ¢-=35°, 


Vi =V,2 (-: frictionless flow over the blades), m=6t/h= 6000/3600 ee Is 
Velocity diagram (Fig. 6.15): ” , wa 


Horizontal-line AG is drawn, Drawn subtended 20° to AG AB represents 
V, =700 m/s. : 


Since it is known that inlet angle ( ZGDB) will be 
ZADB = 180 — 35° ='1450 ’ 
P “. ZABD = 180 — (20+145) = 15° 
Hence from B, BD is drawn making 15° angle with AB 
(i) The speed of the turbine, ~ ) 
Fromthe velocity diagram, . ~:, 


AD = blade speed = V, =319,29 m/s 


6=35°, 
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We have, blade speed is = _2DN 
60 
1319.29 = EXLIxN 


60 
-, N=5081.658 rpm Zz 
ns 


Setaermecrs = 678.64 bie 


K-—V, = 319.29 oe: 


Fig 6.15 
(ii) The pecan velocity of steam leaving the blades: 


’ Now, absolute velocity of steam leaving the blades; ‘Vp is represented by AF. 
= 237.97 m/s from the velocity diagram. 1 2° 912) (> Ans 


(iii) Torque on the turbine rotor, 
Force exerted on the turbine rotor, ©. ).¢°: = 


‘F=mVy=mxCE. .o6 . - 


5 


36000 2 678'64 = 1131.0667 
3600 


Therefore, torque on the ine rotor, 
T = F -Df =1131.0667x(1.2)/2 = 678.64 Nm 
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Solution : Given data : AC z dsV¥ 
D=90cem=0.9m, @ = 22°, N =3000 rpm, V, =350 m/s, 0=¢, V,2 =0.85V,, 
Axial thrust = 150.N, P = a 

Velocity diagram is shown in Fig. 6.16. 


pane Sncrods mi rar 2 ea » 
é 


[+-V, = 141.37 m/s 


} Vp= 130.32 mis 


B 


bee Fig. 6.16 
mDN _ 72x0.9x3000 
60. 60 


The peripheral velocity of blades, V, = 
“Vy =141.37 m/s. es: ec nae 
Horizontal line AD =V, =141.37.m/s-is drawn.,Drawn_ subtended. q = 272° to 

AD from point A, AB represent V, =350m/s;; 
This gives: 


Pore 


0 =35° and V,1 = 225.04 m/s xoiuronidins «els no bonors soot 


So, V2 =0.85 V,1 =0.85x225.04 =191.284 m/s eine 
Since 6 = § = 35°, the outlet velocity triangle DFA can be drawn. This gives : 
Yji=CB=13032 mls Vjq=EF =110.75 m/s, y, = 339.43 mis. 


Axial thrust = m (Vj, ~Vpy) Fll= A 


“150 = m(130,32-110.75) LAG SED ee ae 
“=7.664 kg /s PA OM Ve mteqnatt 


Power developed, pga aL Se 7.664X339.43x 141,37)» ye 
1000 19007 set 
= 367.76 kW ys ' 
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Let 0 and J represent the inlet and outlet of nozié Gt" 
Po =3 bar, Vo =50 m/s, xX) =0.95, py =3-L.1=1. ? bar; nozzle efficiency, 


i V; 
1, = (1-0.06)= 0.94, a@ = 20°, ms b_20\45,. Ke 0.85, 22, 'B'=?, 


| COS Of 


Friction losses = ?. 
F From Mollier’s diagram thei isentropic heat cae perkg of steam is caledlaned as 


(Ah )isen. = 80, ki kg, 


Actual heat t drop, ini =n x (AR en = =0. 94x80 
Ay . S OHIOHE 75.9 kkes HN 
he velocity at the’ exit of nozzleis given by 


v=¥( (2An+V2) )=vax75. ree = =391 024 mls ‘ 
oe 165135 aah si 


= 22° 


Ao 


£.V, =0.45x391.024xcos 20, “Vy = 165.35 m/s 


Velocity diagramis shown in Fig. 617s! St | 


rah oa ah lay 
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: ; +w triangle 
With the known values of V,;V; and @ the inlet ges tria 
This gives 9 =34°, V,1 = 242.52 mis. 
= 206.142 m/s 
= KV, = 0.85x 242.52 1 
Vio fl “pede 


i 3, Vi 
B= i te don the line AF wit, 
Since the steam leaves axiallyi.e. B= 90° beintercep le ; 


the centre at D and radius equal to V,2'= 206.142 m/s. 


Powerinput, P, = K-E. of steam leaving the nozzle | 

v2 _ (391.024) _ 5) gi TEASING | yg 
aM § PAE = 6449.88 J/kg = 10. 

V3 -Vv3. 

Blade friction losses = Fao 


kilkg © 

: ; : 2. ’ : = upzagl no q 
_ (242.52)? ~(206.142)" _ 9 1607 kil ke . ie 
a ~2x1000 © 


X¥ 


Solution : Given data’. SS eae es 
V, = 400 m/s, a =20°, Vy =90 m/s, B =1805120= 60°, 
0=9, m=8kg/s, P=, Powerloss=?__ Pes ede Ce 2 : 
Graphical method : : PN oe i 
On the line XY mark the point A and a line AB is drawn making an angle a= 20° 


with XY and mark the line. AB =V, = 400 m/s. At point A drawa line AF making angle 
XAF equal to 120°, Mark AF.=V,=90 m/s. From Point F draw a perpendicular line XY 
and extend this, so that EF is equal to EG. Join BG which cuts the line XY onD, DB will be 
V,1-Join DF and this will be V, Drop a perpendicular from B on 
DEG, DEF and BCD are similar. Thus 9 =: * 
This diagram gives V, = 105.10 m/s, Vi 


V,, = 420.09 m/s. LF 


a 


X-Y line. Hence triangles 


303.74 m/s, Vin =169.27 mls, 


+, Power developed, P=" ¥w Vs _ 8%420.09x105.19, 
; 1000 1000... - = 353:21 kw) Ans 
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Vw = 420.09 m/s= 


G V,= 
Ps. 7105.1 ms] 


va Pes 


i ay Fig. 6.18 
tye. . Say 2 2 

(ng Power loss due to friction =" (vA “Via ) 

fi 2x1000 


8 (303.74 (469.2777). ac) 
2x1000 nee: 
: = 254.42 kW aa Ans 

Analytical method : 
CB =V; sinc = 400sin 20 = 136.808 m/s °) 
CD =V, cosa — V, = = 400cos 20 ~ “y= =315. 88 - Ys 


die soba ~ 136.808. 


i 3 EF =V 2 = AF sin B =V,sinB = 90xsin60=71.94 m/s a 
AE = AF cos B = Vp cos B = ‘90x cos60= 45 m/s 
DE =V,+AE=V, +45 


PS en 


DE V,+45 


tan =tang i 4 , baat i 
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- 136.808 T194, & 


""375.88-V, V,+45 o 
-.136.808xV, 4.6156.36 = 29296.087 -77.94xV, | Mi i‘ 
2 Vy, =107.75m/s a q Me 
CD =375:88 -107.75 = = 268. 13m/s - : . , ¢ 


DE= 107.75 +45 =152.75m/s 
V, =CD+ DE= 268: Belen= =42088m/3 


é 


Power developed, | 
mV Vy _ 83.420,88X107.75 — 362.798kW - Anam 
P1000 1000 : 

) Va=\(CBy +(cD) aK 136. sy (pee 13)" . 
. =301.015 m/s - u 
V,2=(DE) +(EF)’ = i 152. 15) 7 94) 
=171.48m/s 


. Power loss due to friction = 


~2x1000., ; 
ie (301.015) aera 
“~"3x1000 . 


Solution:- Given data: (Refer Fig. 6.12) 
a = 22%,V, = 450 m/s, K =0.86, Ny =94%,m =Skg/s 
(i) Blade velocity, 
For maximum efficiency blacle speed ratio is given by 
cosa V, 
2% 


p= 
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ea - ’ a 
. Blade velocity, V, = i = acess 22 308.616 m/s Ans 
pm -ard POCIS = yt 
ral : : 
(ii) The moving blade angles: Sagem, i a , 


<< 


Vae CB= VY sina = 450xsin 22° = 168. 57 mls 


Vu =Y cosa = 450xcos 22 = 417. 23 m/s - aV =¥ 
. DC =V,) - Vy, =417, 232 208. 616 = 208.614 nls “sc | 
CB _ 168.57 pat 
tan@ = Sd 6: 4 
DC 208.614” spk 38, on, ak 


_ Since the blades are equiangular, 


Blade angles, 0=$=38.94° Ans 
(iii) Blade efficiency : ». ; 
(1s )inax = 898” & = cos” 22 = 0,8597=85.97% __ Ans 
(iv) Stage efficiency = = Blade efficiency x Nozzle efficiency ee ee eee 
= 0.8597 x0.94 = 0.8081 = 80.81% = ree “Ans 


(v) Power developed : 
Maximum work done per kg ‘ofstéam” 


=V, (Vcosa- ts 

= 208. 616(450c0s22- 

NW O6.£8S gq94siee7! Wiig i 
Power developed, ofe gt 


mxWork donelkg of steam _ sxgo04e, 667" 
1000 1000 


P= = 404. 743KW 


Solution: Given data: (Refer Fig. 6.19) 02.00 = 8 oosidyawmen ieclytred 

V, ie 13" sheoaté (y 
D=120 cm=1.2 m, N =3500 rpm, p (| =0.45, B =90° (discharge is, axial), 
a=16°; K=0.9 e\mieeié to BA Lam duqtuniswog tivses 17 
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Fig. 6.19 110.805 
(i) Blade angles: P 
Blade Velocity, ae mDN _ mX1.2x3500 =219.91 pais L 
“60 60 
V; i 
yates pos Saar , 

p 1A tse \ 

From the velocity diagram, 60 ne 


7 OHDOD WIOW Hii 


Vy =Vj cos = 488.6908 16 = 469,759. m/ s,:. 
DC =V, —Vy = 469.759 — 219.91 = 249.849 mis 
BC=Vpy Fish sina = ao 69sin16°= 134. 70 mis al ; 


Va= ee +(BC) = (24s. 849) (134 70) = 283. 846 m/s 


tand=—; 0= (ee 33° 
“p68 PAD BAD) Se Neck Vanih 
Inlet angle of saanintleds, O= 28. 33° aaa . Ans 
Vio =KV,, = 0.9 283:846 = 255 46 mis 


oe 219.91 cu 
cosp'= Yes = cos 30.59° » 
Bs een ? ee a). ‘ 
. Exitangle of moving blade, = 30. 59°, 0 .21T 497997) 
(ii) Specific power output: ? oak. 
Vy =0 (“Discharge is Rial 1), 
For specific power output, m =1 kg of steam/s 


Q nay GORE 
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_ mV +¥uo) Vp oe ee 
4 1000 9 2 PMizoce): ; 
_ 1x (469.759 +0)x219.91 0 95 90" TOREEKAO= yet 
7 (ad00.+ ces 6 com 
= 103.30 kW per kg of steam 
This problem can be solved by graphical method also 


Solution: Given data: (ReferFig, 6.20) E 

D= 100cm=1m,N=5000rpm, @ =16°, es 800m/'s;K =0.9, 0= “— m= 200k /h 
'(i) Inlet angles of! blade: 

B sewodrmsaniC - 


Blade velocity, Vs ane =261, 80 m/s 


“From triangle ABG, * 


AC =V,, =-ABcosa = Wiese = epiisciual l= 769101 m/s chaste 
BC = Vj, = ABsina =V, sina = = 800xsin 16° = 220.51 m/s se 


DC = AC ~AD'2'769.01= 261.80 = 507.21 mis $. Mult 


a See asia 
we 261. 80 a 


9-2. 2051 ae 


3 


Note : Refer paper of Exam — Summer 2013 at the end of this book (Q.3(b)) 
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= Inlet angle of moving blade, @ = 23.497° en ge ? 


Vy =VDC?+ BC = (507.217 +(220.51) -somimls : 
a(t yal 


Veo = KV py = 0.9X553.07 = 497.763 mis’ ay 
3.497 (0=%) 0° poy 


From triangle DFE, DE =V,2 cos@ = 497.763 cos z 

saa = 456.489 mis 
AE =Vyp = DE~V5= 
“FE =Vy_ =Vi28ino= 497.76 


tan B= FE. "IBA i936 
AE 194.689. , 


456.489 £261.80 = 194.689 m/s” 1 
3xgin 23.497 =198.458 mis stony 


Init nl offre bade(outletangleof movingblade) De eae é on 5 3 
B =45.549° Ute Ans 


(ii) Diagram Power : ‘ 
OO Vg SV yi Vi,9 = 769.01 +194:689 = 963:699 mils 06 = 4i ff 


mV, wn Ng 
1000: ne 

eld 5 965699261. | 56.066 kW. = 

~ 3600" 1000 y 


.. Diagram Power, P= 


eh 
i 


(iii) Diagram eficiency, My: , . os 


fy 


" eV = 23968, 659%261 2 oy sqsikage-3A = 0 

M (800)” 

(iv) The axial Thrust: : iy 
Axial thrust = (Vj ~ vn) ana 198438) = 48956N ‘Ans' 


Ans 


-se| 


ao te 


(v) The loss as K.E. ae to Friction’ 


22 P 5 : : 
Loss of KE, = =m (icv Vas ae 
ee) 1000 SL 

_ 800 { (553.07) - (497.763) 
3600| 2. , wf JO AZO. 9g 
=6457 Ks ka 


’ 


SIRE Wow 
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6.7 Reaction Turbine’ * (GEA SE 92891 RCO At SoBlG Sci tg MD oe? Grr Ms ole 
In reaction turbines, pressure drop occurs both in the nozzles or the fixed row of 
blades, as well as in the moving row of blades, since the moving blade channels are also the 


nozzle shape. Due to the expansion of steam while flowing through the blades, there is an 
increasein kinetic energy, which gives rise to reaction in the opposite direction (according to 


Fixed blades (FB) Moving blades (MB) 


- SSRIS 
SSP 


, ES 
a SSS : 


Steam in 


- Steam out 


y 


Turbine shaft - 


mary Pasi i! re 


Se Sek aha ' Lost velocity ; 


“gs . . ti 
Initial steam velocity ; Condenser. pressure 


, Fig. 6.21 Reaction turbine 


Newton’s third law of motion). Blades rotate due to both the impulse effect of the jets and the 
reaction force of the exiting jets impressed on the blades in the opposite direction. Such turbines 
’ arecalledimpulse-reaction turbines, orto distinguish them from impulse turbines; simply reaction 
turbines. ; jy | | iN 

The effect of expansion of steam over the moving blades is to increase the relative 
velocity of steam at the exit of moving blade compared to relative velocity of steam at entry to 
moving blades. an fro i 

The variation of pressure and velocity along the axis of turbine is shown in Fig. 6.21 


6.8 Velocity diagram for reaction turbine 


The velocity diagram for reaction turbine blade is shown in Fig, 6.22. In case of an 
impulse turbine blade the relative velocity of steam eitherremains constant as the steam glides 
over the blades or is reduced slightly due to friction. In reaction turbine blades, the steam 
continuously expands as it flows over the blades. The effect of the continuous expansion of 
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fsteameitenc 


istoi i locity 0’ 
steam during the flow over the blade is to increase the relative velocity 


Mt 6 26, velo diagram 


lay "12 
6.9 Degree of reaction . [May *12] 


The degree of reaction, R is defined as the- -ratio: of heat drop in the — 
blades to the sum of the heat drops in:the yg aad the moving blades i.e. in a stage. 
Mathematically, 


[ Enthalpy aki in Aviad sDaise (An), | 


R= ae 
[ Bnthalpy drop in moving blades (Ah), + Enthalpy drop in fixed blades (Ah) a 


In pure impulse turbine, degree of reaction. is ‘ZETO. In pure reaction turbine, dégree 
of reaction = 1. 

Fig. 6.23(a) shows reaction thibine blades sand. 6. B (b) shows h-s diagram of 
reaction turbine blades. 

The heat drop in moving blades is ‘gaily to increase in ‘diitive velocity of steam 
passing through the blade. Rete 


tO Fixed “¢Moving® veiecna! -cih 
oor blades’ blades)::) 2: 68 


; | eee Ahm k Sato te 
we } NN iE Se Let, r : A as 
lead) : : . it STRRID VTSol 8, 


@) 


Fig, 6.23 Blades and h-s diagram of reaction turbine. 
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2 _ 172 
2 Alyy = V2 -V, ; Va 


The total heat drop in the stage (Ah 1p + Alin is equal to the work done by om 
steam in the stage andit is given by — 


Aly + Mtn = Vs (Vin +Viyn). J > al 


i Masa eee 6.11) 
2V, (Vin + V2) Tee 6 AG nN =) {Yied— 33109) Y= gf r 
From Fig. 6.22, (@£.8) bre C-18) (21:0) enolinups off gate gmo? 


V2 =Vy2cosec @ and V,, =V,,cosec 8 
LOG obi ni owods 2s eruronio yroolsy un 
(Vin +Vw2)=Vy1 COtO +Vopo 


ote 
_ The velocity of flow generally remains constant through the blades in reaction turbine. 
Jas Wane od 


Crab ae ep : 
Substituting the values of V,1,V,2 and (Vin + ¥wa neq, (6.11) we get | 


: V7 (cosec’s cones) Ve (cot” ae 1)= (coro 1) 


» DV, V; (cot@+cotg) — 2, cot @ +cot “ty 
andar: waren 2 noch aot ange? sWoolW BLA Ww 
anid Vip cot? cot 0: gm wt aeitibaa? LL.e 
"i 2v,| cot +cot@ 


“aoe to smsTgsib ¥ 


vd fi 


6.10 Parson’s turbine ah cairo ccosinstaehice [May °12] 

Parson’s turbine is a particular case of reaction turbine in which the degree of 
reaction is half. The section of blades of this turbine is the same in both fixed and moving 
il ir Pacha turbine, the blade section and the mean diameter of fixed as well as the 
moving blades are the same and the blade height is progresively so increased such that the 
velocity of steam at exit from each row of blades is uniform throughout the stage. thus, the 
velocity triangle at the inlet and outlet of moving blades will be similar... 


The Parsoi’s turbine is designed for 50% reaction (Ahy = Alin) ,then'the equation 
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of degree of reaction can be written as ; 


= 1_ YS (cotp—cot0) 
RED DY, 


"at? 4 ee + esac “6,13) 
Vy =Vi5 (cot¢—coté) yd nvvigaititn 5,1 
Also V, can be written as (gry )e 
_Vp=Vy (cot —cot B) Soy fs ue, (6.14) 
Por ‘vy, =V; (cota —coté) (- Vp =Vp2=Ve y cant 1h pias 


Comparing the equations (6.13), (6.14) and (6.15) 
0=B and ¢=a () sae09 T= 1M bMB. th 99209 « lee { 
This condition gives symmetrical velocity diagrams as shown in Fig 6. Pile 


"Fig. 6.24 Velocity diagrams for. Parson’s reaction turbine 


6.11 Condition for maximum efficiency of Parson's réaction turbine 


| Qioo+oI0n | NE [May 14] 
Refer Fig. 6.24 for velocity diagrams of Parson’s reaction turbine... + 


Work done per kg of steam is given by ‘f Qiod =“ Sino}, 
a W=V5 (Vu +Vwo)= Vv [Vi cosa+ (V,2.c0s9 = “w)) 
i ute ae ti, 
._ For Parson’ s turbine, 05 Ot and Yai z Mio " : Mitte he i 


We =Vs [av cosa ~v,] =W? sue i ie Meron 
bot ‘ ‘ Maus Yi al 


yee TIN ay 
silt cusths gpl: sono ag ’ 
alien? od {hia 


Dol 1owerstiogn mo a144 ta wareaseee (ENO 


: b 
where p = mst 
pha ones if iyo \h J fia IOI GVO i | s1 
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The kinetic energy supplied to the fixed blade = 2g 


: —VA, 
The kinetic energy supplied to the moving blade = ; - 
3 Ve Vea=Va ca ie 
.. Total energy supplied to the stage,’ Ahmay obs Syn Wi novitibnagsdT 3.1 
For symmetrical triangles (Parson’s turbine) Vip=V, A 1. to sulsy onl grinned? 
—— = SC att) 
. Ah= ve a =Vai =V- Se roan + saa SU) 


2 2 2 
Considering the AABD in Fig. 6.24 ., 


Vi =V2 +VP -2¥, V, cosa 
2h =V2 -(V2 +V2 -2¥, V, cosar)/2 


0 y fe t Aas f 
VP +V, V,.cosa-V;2 tens 
2 


«.an="[1+ 2pcosa- =P ell 


Theblade effi ficiency of the reaction turbine is given by ~oafA uri ait 
Work done(W) : 


Mo Total energy supplied (Ah) 


w Vi opeesanp?). 95s 90955 eau 
# (ceepuiew <p ) 


Not N rake BY 
is 2(2pcosa-p?) | af 2p (26esa~ gly Aw apeséa— p 2)_ 2 
(1+2pcosa-p?) (1+2pcosa— p2) (1+ 2pcosa—p*) 
. | . 
1+2pcosa—p* f: ' 6.19) 


The 7, becomes maximum when factor (142 cosa - p”) becomes mmexinduti, 
'M_PPE16_12 
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= Therequiredconditionis ==, a 
, d 2 bodaay ial ale 
—(1+2pcosa—p )=0 
a e 


Atom wP sy gna os itqquae ysvoi9 otiated 2 (6.20) 


ie 23 Vive sles 

i.e. The condition for maximumefficiency, P= Vv = cs.ailgg! 

Substituting the value of p in equation (6.19), we get 
2 


=2- : os 
(1 ax 1+ 2cosacos@—cos” a 


.. Maximum efficiency, | 


(1) Stage efficiency : 
Stage efficiency is given by 
n _, Net work done on shaft per stage per kg of steam flowing 
as | _ |. o> Adiabatic heat drop per’stage 


Mg =e Van Vo 
i sage (Ah) x 1000 eo 
we" where, An is the heat drop in = ina sage which can abe 3 determined with the a 


of Mollier’s sole Also 


(2) Blade or diagram efficiency : ad : 
It is the ratio of work done on the blade per second to' the energy entering the 
blade per second. i i 


t 


n, =—Work done _ Cathal . s 
/"? Energy supplied ~, Va Va-VR ; \ 
P ue oa 
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(3) Blade height : = 
Inthe reaction turbine, the steam enters the moving blades over the whole circumference, 
As a result of this, the area through which the steam flows is always full of steam. Now 
Pristaci areaction turbine whose end view of the blade ring is shown in Fis.§ 6.25. Let, 
N=Speed of turbine, rpm_. ‘ = 
D=Drum diameter, m : 
h=Blade height, m 


Vp =Vp =Ver2 ==Nelocity of flow; ni/5: oa - = 


1) 


Fig. 6.25 
.. Mean drum diameter, D,, =(D +h) 
.”. Total area available for the steam to flow, Ari=7 (D+h)h 
Volume flow rate of steam = Area of flow x velocity of flow 
1p ‘os = ela (D+a)alxvy 0000 = 6 2 j 
Mass flow rate of steam, eG fu A 


where ‘v’ is specific volume of steam in m*/kg atthe given ee Lalestee 
he Blade speed is given by 


Wh a(D+h)N i 
60 2 . 
> Comparison between impulse and reaction turbines. [Nov.’14, May °13] 


Impulse Turbine Reaction Turbine 
Steam expands in nozzles only, . 1, Steam expands in both fixed va moving 
no expansion in moving blades)... \). blades.) ciscanib ais ‘ 
2. Blade channels area is constant. 2. » Blade channels area is converging types. 
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3. Profile types symmetrical blades 3. Acrofeil type blades are u! 
are used. i : 
4. Occupies less space for same 4.’ Occupies more space for same power 


output. 
wer output. : : | 
5 ca isneglected relative 5. Relative velocity at outlet of moving blades 


i t the inlet. 
velocity of steam at inlet and outlet is always greater than that att 


ing blades is same. 
of moving Bladem anufacturing is difficult and hence 


6. Blade manufacturing isnotdifficult _ 6. 
and thus not costly 


costly. 


7. Suitable for small power requirements. 7. Suitable for medium and higher power p= 
_, _ Fequirements. 
8. Relatively lower diagram efficiency. 8. High diagramefficiency. thi 


Solution : Given data isi 
Dm = 80 cm =0.8 m, N = 3000 rpm, o = 16° =, V, = 180 m/s,m=10 kg/s, 6 =", Dy = 1.2 
F=?,P=? je tH ont woll 


Blade velocity, V, = —*"— = ——~—_ - 


60 60 
= 125.663. m/s 9 
(i) Blade inlet angle : _ } 4 
The inlet velocity triangle ABD can be drawn with the values of V,, @ and Vi 8 
shown in Fig. 6,26. : ; : i . 
Thisgives,9@=47° j ; Ans 
’ ‘ hut mOboue baw sen rovds vein? (ae 
In Parson’s reaction turbine, V,> =V;,V> =V,1,0 = B, @=4,, so the outlet velocil) 
triangle can be drawn. svi saturn 
(ii) Tangential force : aces ea RCI =I 


From velocity diagram, CE = V, = 220.09 m/'s 30R 
F =m-V, =10x220,09 = 2200,9N ieee av wins counts aba 
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gi = 220.09 nd 


Bay = 125.663 ms —A 


Marrs. 


Fig. 6.26 
iii) Power developed : ; 
pat Vw Vo _ 10%220.09125.663 
1000 ; 1000 


= 276.57 kW . Ans 


This problem can be solved by analytical method also. 


Solution : Given data | 


,, = 1.2 m, N = 2000 rpm, Nage = 83%, 9 = 20°, p -% =0.72, Ah=2? 
1 


TDyN eee = 125.66 m/s 
60 60 \ 


Blade speed, V4= 


,=174.53 m/s difw muta nd tno 


For Parson’s Turbine, a=¢ 
With the above data known, the oa ispran for the turbine can be drawn as” 


V,, =201.94 m/s 
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oe 
pa oes nn eel 


= = 125.66 m/s: 


Stage efficiency is given by oe : “ Spe 
_ WV ea et Rae Tr ; Mass 
"stage ~ Xp 1000 
0.83= 201.94x125.66 , 
Ahx1000 , 
Ah =30.573kK) Am 
Pov 
Solution : Given data 
a=$=22°, 0=B =36°, N =3000 ee F in =0.45m,. py =1.7.bar, x = 0.95, ' An 
m=4kg/s,h=?, p=? fn) . 0 a* AISKKE 9 “ 
D,N _ 1x0.45x3000 f I 
Blade d, V, =—2— = ————_ = 70.68 m/ t = 
ade spee b 60 60 mis 
Graphical method : 


The velocity diagram can be drawn with the above known data, The velocity diagram 
is shown in Fig. 6.28. ; utes se - 
Measuring fromdiagram, ea ee 

V, =170.46 m/s = Vins Vp, =108.23 m/s. vee = 245.47 mis eras Tea tiie 


Ve = Vp2 = Vp =63.92 m/s Ano gee iirc ft 
From steam tables at p, =1.7 bar pressure. “edit dP POS OY 


Vv, =1.031 m lke 
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Fig. 6.28 oo Layer c ints 
+. Spgeific volume of steam, Y= XVe =0. 95x1. aie =0:97945.m m kee 90-8". 


Bh te ae gitar yd begoteyst 
m= cae Ma A Vy ; 4 
yy 
sf Ven eek. 
ages 2 x0.45xhx 63.92 


DISTOAS HOT Santa NS TN 
-h=0.04335m =43.35mm. 
Power developed by the ring, 
_ mV Vo 4x29 a7 x7088 8 = 69.4 KW eee 
~ 4000: 2.0 £1000, soins 


Ans 


Ans 


Analytical method : . : gin Movi . Wet 


a aca (B.E= : in 6.02 wy OS = 4 Pol =p mismQdl= 0 ang OOZES 
By mee ye a ‘eae 
-2 (sin 80- 2p) . sinl4ciisincssvoyTss WA OIE = a aii OOS = N ght 
“ sin 44 * sin l4 sin 22 cesigit, MF 
v, xsin 144 _70.68%0. 88." bale 
1 Mince 
sinl4 _,,..,0.2419 fie gay OL rUBTAEID AC ' 
“VY =171 1417 mls = Vyas and 
; reel GOs 1 


V, xsin 22 _ 70,68x0. 3746 


Vn =~ sind 0.2419 
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2.V,4 =109. 453 m/l s= =Vp._ 


Vy = cosa +V, cos B-=171 sy lee 22+109.453cos 36 
= 247.79 m/s | ; 
Vp =Vy2 =Vyp = sin @ = 171:747sin 22 = 64.337 m/s : 
Specific volume of steam we have calculated i in graphical method as” | 
= 0.97945 m?/kg’ : 


ia cemaneen See a 


= Pm AVA” 4 _ ©x0.45Xhx 64.337 


yo 7 0.97945 ae 
2. h= 0.043074 m = 43.074 mm) = Ans 
Power developed by the ring, ; Be. : 
_mVy Vy _ 4x247.79x70.68 vis 
~ 1000 1000 
= 70.055 kW E 226 Ans 


Solution : Given data 


N = 2500 rpm, Dy, =100cm =1m, a = 16°, h= 20 cm = =0.2 m,, v, =3.8m? kg 7 


ve = 4.2 m®/kg, V; = 200 m/s, P= 200kW, canrpoveanoed ciety 6 =0.85; Mex =0.95, 


AH = 2,R=2,9= als 2, In 


T Dy N = %X12500 
Blade speed, V, = r= 
p Db eo 60° 130.9. m/s : 


Fig. 6.29 shows the velocity diagram for the given reaction 
From triangle ABC: ly m turbine eee 


Vi =Vj cosa = 200c0s16 =19'2.25 m/s ME UKHO; 
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Vat =Vsina= 200sin 16 = 55.127 m/s: 
DC =V yy —Vp = 192.25-130.9 =61.35 m/s 


Vai =yDC? +VAL= = VG1a5F +65 29 8248 mls yal 


axle 


—V,y) = 192.25 m/s Skee aah: ‘ 
Se ppm goo * 
ved ; = re 
: 3 i Lai 1 y= vsbald anivanr i equnnie 


Fig. 6.29 
Dy hV py | 2 x1X0.255.12T) > 
Mass flow rate, Pe ee 
vj snore Si8ag na crotlel td: 
=9.115 iets 


<i m(Vy 1 +V yo )Ve- Cy } 
Power developed, P= 1000 


9.115 (192.25 + Vyo )x130.9 : 
S 
1000 


o Viyg = -24.626 mls 


nD, h Ve: 
fi ems ae 
Ve 


1X1x0.2XVj9 EN “t -)/? eel 
4.2 - 


Vp =60.93 mis : 
Therefore, the exit velocity diera ADF can Ke completed as shown’ inFig.6.29 . 


From AEDF,, Vx = VED? + EF? =|(Vs-Vwa) +V2 


(130.9 -24,626)" + (60.93) = 122.50 mis 


9.115 = 
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PO i008 = 9021 Se 
From AAFE, V) = VAE” + EF? = \v2, +Vfa m 


2 7 x 
= (24.626) +(60.93)" =65.718 m/s - =U 


Enthalpy drop in fixed row of blades = (change in K.E. of steam) 


2 7187 
+, (Ah) _ VP -6vp _ 200°-0.85x65.718" © 19.12 ki/eg ~ 
“AMM fet =F 1000%Mexp ——--2X1000%0.95 ga 
Enthalpy dropin rte blades = ial in KE. of steam in aoe blades 
: Va -6Vq Ss 
2x1000XNexp 


(Ah hee = 


ie le =, 
_ (122,50)"=0.85x82.48" _ 4 956 Er/ke 
2x1000%x0.95 1 
Total ccnalne drop in stage, & svt 


AH = m[ (AA) fixe + (AM) moving ] oa P 
=9,115[19.12+4.855]= 218.53 kJ Ans 
(ARmoving 4.855 


(AA) fixed +n '19.12+4.855.. 4 


R=0.2025 Ans 
Moving blade outlet angle, o: « ; OOO; 


Degree of reaction, R = 


2. = 29,82° 
Gross stage efficiency, 


P 
Nstage ee ee 91.52% cay ‘ An 
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Solution : Given data : ; 
m=6 kg/s, N =S300rpm, a = $ = 22° Vy =¥, a0} 205%; p= =1.7 bar, 
1=0.96, P=4kW, D=2, n=? r- 


£, 
Blade velocity V _2(D+h)N _2(D+h)500 
; 60 60 
; ay “V, =26.18(D+h) 
RefeningFig 6.24, . 
0.75 V; 
oy = = 8 1 856, 


1 
» tana. -tan22 


—Vy2 =Vy — Vp = 1.856 V, -Vy = 0.856.V,- ~~ 


Power developed, pam tVw2 V5 on Se F 

=~ 1000 ‘alti 

4q (1856 7, +0856 15% a 
= O00 ath 


Vp =0.75 V, =0.75x15.678=11.76 m/s 


From equation (i) : sty 
d 15:678 = 26.18 (D+h) ismEslh yioaley oflt aw 
“. (D+h)=0.599 m “RIES. l= 08200 WE.L=0209 N=4 4 


_ From steam tables at 1.7 bar pressure, v. = 1.031 m Bikg: 


Specific volume of steam, V= XVg = 0.96x1.031 
= 0.98976 mi/kg 
: m(D+th)hVy 
Mass flow rate, meg teen 1 
_ ™x0.599x hx11.76 
~—. 0,98976 lai 
2h =0.2683.m=26.83em OL te 
Since D+h=0,599 . BOON = synthe 
- . D+0,2683 = 0.599 
V5 4  D=0.3307 m= 33.07 cm 
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Solution : Given data oe 
P=6MW,N =500 rpm, m= Tigi Bh, cm $= 20°, Y=1.30 V,, P = 
x= 0.92, D/h =8, h =?, Diagram power = ? 


rn en = 596. 943 m/s 


Mass flow rate, m= steam consumption x power wan BVO.E4 


=7x6x10° = 42000 k; gh = OP = 11.667 kgls 

Fig. 6.30 shows the velocity diagram. (+t 1S oe BY nee ss 
Vi = Vj cosa’ = 1.3¥, cos 20=1.2216 Vv, mr GVE.O (A+ Q) 
V2 =Va —Vp = 1: 2216V,)< Vy = 0:2216 Vere wet! Vi tp oaldet meats mor 


(1) Blade height : bee | pte ihe . 
é ant +V. yy, = gia = V. tsste fo antuloy sitinsg?. 
Power developed, P =m iw2)0b. 50 

‘ower developed, 1000 


6x10? = 1-667 (1.2216¥, +0.2216¥, vp 
1000 
=596.943 m/s 


“Vi = 130 Vy =1.3x596.943 = 776.026 m/s. 
Vy =Vp1=Vyo = Vj sin a= 776.026sin 20 = 265.416 m/¢ 


From steam tables at 1.3 bar, vp =1.325 m/ kg . 
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anats ae of steam at exit, 


om) 
v= xVg = 0.92x1.325 = =1.219m? Ike ° 


m(D+h)h V5 


Mass flow rate, m = 
v 


(8h +h)hx265.416 


211.667 = 
1.219 
+h = 0.04353 m = 43.53 mm Ans 
(ii) Diagram power: 
Diagram power represent the power input to turbine. 
DC = AE =Vyo = 0.2216 V, = 0.2216%596.943 = 132.28 m/s 
= oc? +v) = ¥32.28Y + (265.416 = 296.55 m/s 
2 2. 2 
.. Diagram power or energy supplied = -n| ve + va-¥i | 
=" [av —va] . (Va=¥i) 
mes a [2x(776. 026)" (296. le =6.513x10°W 
Ans 


= ees MW 


Solution : Given data : 

p=2bar, x= 0.95, V, =160 m/s, h= 22mm =0.022m, a => = 20°, 
(Vj11¥p)=0-75, (V2 /¥o)=08 m=5 kg/s, tip leakage = 6%, D,, 

= Mass flow rate — tip leakage 
=5(1-0.06)=4.7kg/s_ 


=? P=") 


Actual mass flow rate, m, 


Fig. 6.31 shows velocity diagram. 
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nj eel = 92.96 m/se| ta eon 


Fig. 6.31 FeEROO ; : as 
Vp, =0.75 V, =V sine FREES Meteo. oni 
1.0.75V;, =160 sin 20, ...V, =72.96 m/s 
£.Vp1 0.75% 72.96 = 54.72 mi s 


Va =V, cosa = 160c0s20 = 150.35 mis 
Vez = 0.8 V, = 0.8X72.96 = 58.368 mis. 
From triangle DFE, 


Vv ‘ 
ep = EF = V2. _ 58.308 «169365 m/s -' 
tang tang  tan20 
Vyo = EA= ED= AD = ED= Vj =160.365=72.96°= 87.405 m/s 
Vat, 54.72 +58: 
eeecene flow igen Vp = re em ee = 56. 544 m/s 


From steam tables at p = 2 bar oa) v, =0, 885 m>/ kg ‘ 7 * 
Specific volume of steam, V= xv, =0.95x0.885 =0, s4075 Mg 


m(D+h)hV, 
vy 
m(D+0.022)0,022x56.544°° 6 s\n a, 
0.84075 eee a 
, D=1.05367 m dial abel OATS E At 
:. Mean drum diameter, D,, = D+ h = 1.05367 +0.022. 
=1,0757m 


Mass flow rate of steam, m = 


“5 
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Mg X (Vo + Vwa , 

1000 
a 4.7x (150.35 +87.405)x72:96 
1000 


Power developed, p= 


= 81.529kW Ans 


Solution : Given data 
P =1250 kW, N =500 rpm, m= 62g Wh ry =12bar, Tj = = 28 
=86%)0'= 8 =37°, 0 =$ = 20, p =1.5 bar, D/h=12,h=2,D=?, P'=? 
Mass flow rate of steam = Steam consumption in kg/kWh x power inkW 
=8.2x1250= 10250 kg/h ~ 


erie 847 kg/s 
"3600 : 


0°Cc 


jisen 


From Mollier’s diagram forisentropic expansion (i= 2! nas shown a 6.32, we 
get, fy = 3030 kJ/kg, h, =2620 ki kg ew Gi Riwer eee 


ah wh 3030p ,. 
Isentropic efficiency Nisen = = ee ral ala 


wel, = 2677.4 kd kg aan 802 
Fix state 2 on Mollier’s diagram by drawing horizontal line at igs 2677 kJ/kg tillit 


uts the pressure line at py =1.5 bari. 3).30 = 80 ; 
Onreading, x, =0.99 sogsta orl in bool 
From steam tables at p, =1.5 bar, vgo = 1.159m? Ig. 


:, Specific volume of steam, V = X)Vg2 = 0.991.159 = 1.1474 m | kg 
Inlet velocity of steam to turbine is given by 
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=44.7 hy — hy =44.7 3930 - 2677.4 = 839.36 m/s 


velocity diagram 


raat 
= 5.68 m/s 


Fig. 6.32(a) shows (h-s) diagram and Fig. 6.32(b) shows 


(a) (h - s) diagram (b) Velocity agra 


Fig. 6.32 
«, Velocity of flow, Vp.=Yy sing= 839. 36sin 20° = Ves = 287. 078 m/s 


972 I ale 


 e(D+h)hV, 
Mass flow rate, m = ak aes [ek 
2847 = a (i2h¥ h)hx 287. 078 
he. pa 
1h = 0101669 m=16.69 mm gre A 
Drum diameter, D = 12h =1216.69 =200.30mm th accel MAL: 
Blade velocity, Vp = m(D+h)N = 7 (0.20028 + 0.01669)x500,_ 
60 60 : 
=5,68 m/s 


Vi =V, Cosar = 839.36 cos20= 788:74 m/s! s 
Vu2 = Vai — Vp = 788.74 -5.68 = 783.06 mils ©) 6) sion! 
Power developed at the stage, 
1 (Voi +Vuo) Vp af] ’ : 
= ZANTE 4+ 785.06) 5.68 tele) 
= Set 783.06) 5.68 


1000 i nnidutia 
= 254175 kW A 4 “4 
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Solution : Given data: gy 3 
0 = B=47°, a=$ = 20°, N = 1500 rpiny Drei s PA = 9bar, ey stud, teskae 


neh 


of steam = 8%, P= 180 kW, Mage “0.784 h= 2, Pi- at, 0 


Actual mass flow rate of steam, J=6 
m= Theoretical mass flow rate x (1 — Ieakage factor 


=m, (1—-0.08) =0.92m, 


From steam tables at p, =9 bar, . 


Oe 


Vg =V= 0.215 m? /kg (-; steamis dry saturated) Na 
VY AOA APS 


Fig. 6.33(a) shows velocity diagram. : 2 a nd 


- aes 78.54 mis 


Vp 


uri Pa.b 


PO = 5 moh 


0) Velocity diagram ty 


BOGixK SA 


Vi = Vi cosa =V mE 0: 939Y, As 
Ver HS Bell 


O.grinie Nor 
0.342¥, pam 
a1. 2 038Y agsigy 

From triangle DBC, DC tan0 tan 47, aie 4 Oceana 

Vg =Vi1 — DC = 0.939 V, -0.319 Yj = 0.62 Ye : 

Also, Vip = AE = DC 0.319V, om ia i eae y Nay 

Vy tV ya = 0:939V, +0319 =1,258V, Ren 
M_PPE16 19 
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QS hin ' \ m(Vur+Vw2) Vo ; 
Power developed, , pam Voi * Yn Yo. 


1000. is is 
180 = 0927 x1. 258Yx062¥ nt 
1000 ' oer pil 
m, V2 = 250848.98 
> 9D,N = A1500C any OOF 
Bisseveloctiy, a ee ETE 54 mls 


Since, V, = 0.62V, ; 78.54 = 0.62 
at) jest ~ DX 
-. V,=126.6774ml 5 
cm, 126.6774)" = 250848.98 


o. m, =15.632 kg/s 


(OSTRTL 
m(D+h)h Vy 
But, m, = ——————- 


«HD yy hX0.342%, 
«0.215 


ert ee om, | vist 80.2) NYS 


0.215 5 


Via + Vw2) Vi Se eT anc 
Stage efficiency, Nstage' = 2 WV age 2 pera eos 
0.78= 1.258V, x78.54 2 A: sien 6774x78. 54 


Ahx1000 AAX1000 5 2,54 
2. Ah =16.046 kJ/kg yack 


From Mollier’s diagram as shown in Fig. 6. 330) 
Pz =8bar 


yoreas t= 


.. Pressure drop per stage, p, — by =9~+8=1bar 
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Solution : Given data 


Ve Wax : 
Dy = 1.2m, P=) 7 - = 0.73, @ = = 20°, N =3000 rpm, Ny =? percentage increase 
1 i s - = aft voayaitio mugen 


LaTDELA borlerit 


in y, =?,N= ? BRE] a 
“Fig. os poll ea eagle Mao 1 inate} 
Fw | SSUUP GT Sit Lyoronig nee ¢ a] 4 
pa 88.495 m/s—— 
wy BEE = OS 20 5 c 

2 Sbyid ain 
Va | 
88 -- 


(i) Diagram efficiency : aes fy! "Se. S tei 


Dy N N mx\. 23000 
Blade velocity, Vs,= = 7 60 ed Lae =188. 495 mi s 


Speedratio, p =V,/V, = 0.73 =188.495/V, 
aV =258.21m/s..0- 23V8°.0 


From the velocity triangle ADB, vi =Ve4VR HM Vp COS. lov 2:s1201 94079 194 


“Va = ; 
2 V,, =103. 589 m/s Jd novig. et 10101 


Work done per kg of steam = Vy, Vp = = (2V; cosa = -W) Me », MyAr . 
= (2x258. 21xc0s20°-188 495)x188.495 = ='55941. 15 Nm 


as 
Vv? v2 Va 
Biergy supplied per kg of steam = 7 ath Yaavn 
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; 2 is! 2 ‘ 
~My : A (Y= 2) 


anor VU 


2x(258.21)" ~ (103.589) _61307.064Nm 
= 2 isi 


Work done 55941.75" 
De = a AL : 
:. Diagram efficiency, "lb = Energy supplied 61307.064 8.9 gp 
s 
= 0.91248 = 91.248% 


(ii) Percentage increase in diagram efficiency : . 6k 
For the best (maximum) diagram efficiency, the required conditions 


p=V,/Vj=cosa@ ..,., j 
“VM = =V, cosa = 258. 21xcos20 = 242. 638 m/s _ 


For this blade speed, the value of V,;.is again sila as 


ss ND 


2Vp= V(258. 217 + (242. 638)" - 2x58: 21x 242. e38ices20, 


Vp = 88313 m/s < SN 
: ; = ae Vv, a cosa — Vv, NA 
Diagramefficiency, "lb = Ve 4+V3, a = “v2 


§2(2X258. 2100820=242, 638)x 242.638 
2x(258,21)° - (88. 313) 


117746.43 ; 
=————_ = 0.93788 = 93. i: 
125545.622 3.788% 
Percentage increase in diagram efficiency)‘ = j,{ VA. ata rote othr 
_ 0.93788 0.91248 a oe nena 
Osten DBI. 20D EI LEED Ne A 
The best theoretical speed of the rotor is given by a\ty OF | 
Y= DmN oy = GOVE _ 90%242.638)) fs, 
60 t TD yy UK mx1.2 
, N =3861.7 rpm ‘ ‘ “US 20 Bee ve) be 
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Solution : Given data \ 8 

a==20°, Vi mV = 0.5V,, Dy = 1.25 m, N = 3000 rpm, 

p=Sba,h=60mm,9=2,P=? 

mD_N 
mN | ©X1.25%3000 _ 196 35 mis 


. Mean blade velocity, V, = s 


Ve =Vp =0. at =0.5x196.35 = 98. 175m! s_ 
Referring velocity diagram o of Parson’s turbine, 
=A _ 98.175 
“4 tana tan 20 
Vy, =Vyy, —Vp = 269-733~196.35 =73.383mls. ag 


W 


= 269.733ml s — signs < 


“Vy =Vy, +Vy, = 269.733 + 73.383 = 343.116 mis) 


tno= A= STE = 3978 ; 
5 73383 A-d200 M=Gh~30= 9 
= = 53.22° in 


From steam tables at 5 bar pressure, specific volume of steam, V = V, = 0.375 m/kg 


nD, hV 
Mass flow rate, m= sn = PAL POE = 61.685 kg/s 


mV,V, - 61.685x343:116196.35 \ 
ies go SASS TE A 
Power developed, 1000 7000 = : us 
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Solution : Given data 
Y= 1000 m/s, 0. = 20°, V; = 400 mis, 0=6,m= 0.75 ke/s, ) y=2, 
Refer velocity diagram for impulse turbine 
iia it aneee 
fa Hoosen 1000%os 20° =e . ca fi 


6 =?,F=?, F,=? 


Ve =Vsina= eet aett: e sanuiels =4 f= 0 am was 
DC =V,, Vs = 939.69 - 400= dag 6omis) wo" _ 11 yiisolsv at 
2; = 2. (539. 9) +4200" = 638.94 mis 
‘Vv on iehut 2 noes Lio rrgeib viz noe grrr: 
fonts fh gay i 
DC 539.69 egg! COS Be 
.. Blade angles, 6 = @ = 32.36° ee OFS yg 8 Ans 


(i ii) The tangential force on blades : _ 
The friction effects on blades are negli gible, 


“V, =V,, = 638,94mis 5 = £07.45 
Vz, =Vp, Sin = 638.94 sin 32.36" = 341.984 mis. 
Vy, =DE-AD=V,, cosd—V, = 638.94 c0s 32.36° — 400 = 139.713 mis 


«{ Tangential force, F = mV, + Vw, ) 


cl\ nt B (0.75 (939.69 +139.713)'= 809.55 N° Ans 
(iii) Axial thrust : 


F, =mV “TA = 0.75(342.02 - 341.984) = 0027 Wt 9161 WOll “ARS 
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PAE, Given Tata : 
=900 m/s, o = 20°, V, = 0.60, )onr Ny = 70%, F, = 40.N,” aa 
=? = ?, Heat lost = ?, p= 2,m= 10 kg/s ~.. © wih shined waivoaOaTAnA ISIN < 
Refer velocity diagram for j impulse turbine 
(i) The blade angles: a. ‘ 
i t v; aay 
For maximum efficiency, p=|4 - ag 
1 Jopt mais sill 
% ) \stig 7 rt as ya Scant ee, 3 c: i + Se \ 
“ y = 0.4698; WV, ) opt = are Sis 
opt : 
i t 


* (V5)oo9 = 0.469890 = = 423;82nit 9 eC ee 
“: (Vy) =0.6x422.89 = =253.652m/5_ 


Yu, =V, cosa = =900xc0s20° = = 845, 123m/s oF it) 
Ve =V, sina = =.2002xsin 20° = 307, 818 miso es a * adn ai 
DC= vu, 


“B01 
-V, = (845.723 — 253.692 = 592.031 m/s 


Vv, = Dc? +? = = (592, 031)? + 307, sr ae = 667.272 mis Some By) 


y ' 

2(845.723-+V,, )253.092 “al 

“Vy, =271.774 m/s ; hae “ie, oe ¥ 

ial thrust per kg of steam, F, a ie ed eee | 
we wmasitr, Vp = 267818m/s | 


DE=V,, pt Vg ETLTIES 8 = =525.466m/ 5 _ 


\y api 
sag ai Cua wf 
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rr ne 
; Vv 
tan = AL = 307-818 | 9.5199 
DC 592.031» ' . ce . 
«. Inlet angle of moving blades, @ = QTAT 2h “s en 
Vv wy rt 
tang = fe. = 267818 0.5097 
DE 525. 466 ') ; 
x COPY os ac . ; 
-.Exitangle of moving blade, o= i 1 |e q ya | ; 


(ii) The heat lost in friction : wy | 


V,, = [DE +V2 = (525.466) + 4 (207.818) =589.78m/s _ 


v2 -v2 
The heat lost in friction per kg of steam = ‘iia esl ' 
_ (661.272)? (589.18) ; = 48.705 Ig we see. te 
2x1000 nAINEST. 2M = OE cae xD0@ = wees N= 
(iii) Power developed 4 
Wy *¥in, Mo _ 10(845:723 4.271.774) 253.692 © 9°.) = 
1000 ~ _ 1000 3 
= 2835 kW iam ‘ 


6.12 Reheat factor , 


turbine) 


Ans 


do 


_ Fig 6.35 shows the expansion of steam m trough a ulstage turbine (say ihe 


Fig. 6.35 State point locus in Multistage steam turbin 
. e 
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seat Turbine 
Let ti : ‘ 

Pp Piesueg, Of the Steam, 28 
P3= pressure cam leaving the first Stage. 
P4= final steam leaving the second sta 
T, Siniti PESSUTE of the steam, een 

Sa al temperature Of the steam 
Ns =sta; : mit 

’ Nowlet he wf eticiency foreach stage of the turbine 
He Me expansi i vias i ‘ 
inFig. 6.35 as discussed bebe 10n of steam in three stages on a Mollier chart as shown. 


First of all, locate t : ) ; eh e 
ihesteam. 1-2 shows the eal ae - ith the help of initial pressure p, and temperature T,, of 
5 ansio} : : ye ; 

actual state point of the steam ‘i P n of steam in the first stage. But due to losses the 


fter expansion j ; 
: , in the first sta ” and not 2. Thus the actual 
peat drop is 1-2" and not 1-2 so, we eee = geis 2’ an ie ie ; 


hy — hy =,(hy ~ hy) 
at 24 ; ‘ 

andpoint 2° is thus set down with the hy value on Py line... ; 

When point 2’ is known, isentropic expansion is drawn giving (iy —hy) and hi, will 
becalculated from the relation 

(1-13) =n, (ey — hy) 

and the point 3’ is set down. Similarly, other points in the succeeding stages are set down. 

The points '1,'2”, 3’ and 4’ represent the condition of steam at'the blade oullets of 
the three stages. 1-5 is the Rankine heat drop or isentropic heat drop for the initial and 


final pressure. The curve joining the points 1, 2’, 3’ ;.4’ is called the condition line of the 
expansion of steam because these points represent the final condition of steam at the end of 


each stage. The sum of the isentropic heat drops 1-2, 2' -3, 3’ -4, called cumulative heat 
drop is represented by Ah, . The cumulative heat dropis always greater than direct isentropic 
orRankine heat drop 1-5 because the constant pressure line diverge as we move from left to 
Tight on the h-s diagram. 

As discussed above, there are various losses like fluid and blade friction, leakages, 
shock, etc. in the stage and the portion of the available energy not converted to work and 
Temaining in the fluid is termed as “reheat”. j ; > — | 
Reheat factor (RF) is defined as the ratio of cumulative heat drop, Ah, to the direct 


isentropic or Rankine heat drop, Altisen - Mathematically vobiemuial 


Cumulative heat drop (Ah, ) 


wax Rankine heat drop (Ahisen) 
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Referring to Fig. 6.35 ~ 


(6.23) 


o vies ition of ste: 
The reheat factor depends on the turbine stage efficiency, ae ae ane 
entry and the exit pressure. The value of RF is always greater than te tor is greater if the 
heat drop is always greater than Rankine heat drop. The reheat Mc iigoey The wks 
umber of stages are large for a given pressure range and lower the stage t factor is desirable 
of RF usually varies between 1,02 to 1.06. Note that lower value of reheat ie : 


1 se 
6.13 Intetnal and other efficiencies , 
(1) Internal efficiency: ° Miers Gt Nott eG. pee 
The internal efficiency of the turbine is defined as the ratio of total useful heat 
drop or internal work done in the turbine to the Rankine heat drop. :\ ~ 
Mathematically : 
_ Total useful heat drop(Ah,)’ eg ata 
mT, Rankine heat drop (Ah; .:')2¢29 0S sO 


isen a eds oct tu 
_Ali_r + Mlty_y + Aly _y fie Woes 
pares ens eels ot AIy_s port misting iario Vaan? cowob jes 21 £ datag oh 
If the stage efficiency 1), is the same for all stages orif 1, be the mean stage efficiency, then 


we have Wevot tats anash 2K aya HC 
ee ee Alyn gt 


rh} 


2 WSU SH 


oe 


isen , 2 fe a ‘ Rieke sie 
1 Bh; = (REN Ahisen rhe any 


Substituting this value of Ah, in equation (6.24) 


| 
| 
| 


“The internal power of a turbine is SweatOy saat Midas (6.25) 
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IP = m, Mh; kw 


Sy (2) Isentropic efficiency ; Ala? TA : : 
‘my ; It is defined as the ratio of actual, heat drop to isentropic heat drop in whole 
Yet turbine VA Coa EN ci 
ity Ah 
V oy oo Nisen = act 
nat Ahisen 
J IfRF= 1, Nisen = n= ns; 
(3) Overall thermal efficiency of iurhoenendtol: ~~ 
Itis the ratio of electrical 8enerator output to actual alist Mathematically 
egy i, 7 Generator output r 
Noth = y 
Actual heat supplied ; 
Neglecting pump work, 
529 Noth = (Ny, Disen * Laie x1: XN XN 
(4) Efficiency ratio : ‘ 

It is defined as the. ratio 5 of the total work produced at. the driving saih of the 
shaft per kg of steam to the total i pritane heat drop. across the se re Mathematically, 
‘efficiency ratio, 

the ER= Total work produced at the driving end of shaft 


Total isentropic heat drop od Gas = gil 


___ Total useful heat drop | 
Total isentropic heat drop 


h, = 3350 \dike | hg = 2280 kivkg 
fy “ig = 3350-2280 =1070 kirkg | 
Since total enthalpy drop is divided equally among the four stages, 1) 3), 
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-h 
Shi hy = +8 = an = 267.5kI/kg 


“3. 3350-h, = she o 4: 2 3082.5 kJ/kg 


nol 
s.. z s. 
Fig. 6.36% FF * astiodlT* oak te’? 
The interstage pressures P> P3 and Pa a as age from the Mollier ieee are 10 bar, 3 bar 
uncial ee aici Ans. 
~ Wi, =M,hy, — hy) = 0.76% 267.5 = 033 akg piseies 
1 = 3146.7 ki/kg io bas ynteinb alt yp bouiboig. drow IatoT — 
hy =2850KMkg tt ark igqounaai nig 
©. hy — hy = 3146.7 — 2850 = 296.7 kT [kg | Sen 
1.1, Wh, =0.76%296.7 =225.492KTikg 
“4 hy = 2931.208 kifkg Be AS, Gy Noh 


= 2665:kI/kg ' 
+. Why =2921.208" 2665'= 256.208 kiikg 
“is — hy = 0.76% 256.208 = 194.72 woke  iLrctes!) stab navi) + wait 
v. hi, = 2726.488 ki/kg = OUR 
hy 2485 kg Neaoaee< 
Wy, ~hg =2726.488 2435 = 291.488 kag ee 
v1 Wi, ~ hi, = 0.76 291.488 = 221.53 Kilkee 5 
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whe = 2504.957, KI/kg 
x5 = 0.965 


peheat factor, Rp = “i ~ fy) + (hy ~ = hy) + Wy - hy) +H - hs) 
-  hnmh, 


— 267.5+ 296.7 + 256.208 + 291.488 
1070 


RF = 1.039 


= is _ 3350-2504.957, 
ternal efficiency,’ = Per Siena 
as siti ES j079 70.7897 =78.97% 


=1), XRF = 0.76 x1.039 = 0.7896 = 78.96 % 


Alternatively, 1); 


Solution : Given data (Refer Fig. 6.37) 
Py = 30 bar, T, = 400°C,, py = 0.05 bar;.py/= 6 bar, p3 = l-bar,n, = 76% 


(OPEL EPS rg 6.97 VOI Tt 


(i) Rankine efficiency, Np : 
From Mollier’s diagram 
hh, = 3230 KIMkg, bs 4 2M IIS isc = Ge at cog ate dev 
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Stage efficiency, n, se i — : yO 

indie » (' 
3230- 2110 hoot 
“hi, = 2378.8 like 


Fix point 4’ on Mollier’s diagram by drawing horizontal line at 4 


0.76 = 


= 2378.8 kI/kg 


which cuts P4 = 0.05 bar line at eis 

Joint 1-4»by astraightline since athe condition line is straight line: Iteuts'P2'and’p; 
lines at 2’ and 3’. eae O = ANX [t= Mt lov ios? 
Draw isentropic lines 1-2, ‘yt sy and 3’ 4 and read : : patipncs 


15 '= 2960 kI/kg, I= = 2830 kilkg, 1'= 2710 IK he er 
hy = 2510 kI/kg, hy = 2270 kikg. dani! a aihquog sain 370 Joss 
From steam tables at 0.05 bar, hg =137.8 kg Nee 7b fee eis t 


Neglecting pump work, Rankine efficiency 


Iya hy, 3230 “1378 
= 36.22 % ‘ Ans 
(ii) Quality th steam leaving eaen stage: 
x4 =0.92 dry — \I : Ans 
(iii) Reheat factor : : io, 7 
a= th) #5“) #05 By | 
A Ih JR | 1g 
_ 3230-2830) + (2960-2510) + (2710 — 2210) = 
3230-2110 . R 
RF=1.152" iF scamsinis onblnni 
(iv) Work done i in each stage : SMO Se TsHOM ent ans T 
First stage : w, =, ~h, =3230- 2960 = =270 kJ/kg © Li oes 


id : Ans 
, i/ 
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Second stage : w, = hy — AS = 7960-2710 = 250 kJ/kg - 


Third ange 7 W3 = hy - hy =2710-2378.8=2 aia aig ne Ane 
Ww) Overall efficiency : ; s 
-h, ; prppdrod 
ny = At. = 3230-23788 i 


— = 0.2753 = 27.53% 


hy-hy — 3230-137.8 


Solution : Given data (Refer Fig. 6.38) 
p, = 15 bar, Degree of superheat = 102°C, p4 = 0.05 bar, RF = 1.06, 
loss of heat = 5 kJ/kg 


4ns | 


RIES uN mit Fig. 6.38 °°) 
“From steam tables cotresponding to 15 bar pressure, sat 
198.3°C! ee 
-. Initial temperature, 7, = 198.3 + 10: 
From Mollier chart : /, =3040 kJ/kg, hs =2090 kI/kg 
3040-2090 = 950 tks i 


uration temperature = 


Q= jobaec | 


Total isentropic heat drop, (4 — hs) = 
. (hy, lig) + (i, — fy) + 08h) + Hoss of heat 
: hols 
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10g aCe d+ OBITS abmowie 
; 950. . 
(hy = hy) + Hb, = hy) + (1, — hy) = Ale = 9501.06 -5 = 1002 kJ/kg.» 
s Aly_o7, Ahyy_yy and Altyy_4’ andaccording to problem 


Aly _ Aly—4! 


Workdone in each turbine i 


Ah» = Ahy'_3/= a 2 
Also, we have 
__ Ahy_o! 
ier ear : 


se, 
_ Alina, Alara 5, Distaat = i002 ' 
076 O77 . 073 (ai.d. gf lretos) wieb svi» nein 
Ata Altai 264M oo" 


3 + =1002-0! =! OT Iode ? 0 
0.76 «0.77 0.73 eaere ainsi 


- Aly_o! [ate + at + 45 = 1002 
‘10.76 0.77. 0.73 So 
1002 ; 


Aho! = 53547 187.149 KKB | 
HP. stage, Aly_y = 187.149 kJ/kg, LP. stage, Alyy = 187.149 kJ/kg 
LLP. stage, Aly’ = 2X Aly, »/ = 2X187,149 = 374.298 kJ/kg Ans 
6.14 Governing of steam turbines : [May °14, May 712] 


The frequency of electrical power output of an-A.C. generator is directly affected by 
the speed of turbine. The frequency must be kept within certain limits for the Satisfactory 
Operation of electrical appliances. This is done with the help of a governor which maintains the 
speed of the turbine almost constant irrespective of variations in the load on turbine. Hence, 
the function of the governoris to maintain the shaft speed constant as the load varies 

; The principal methods of steam turbine governing are as follows"! 

(1) Throttle goveming Ny 

(2) Nozzle governing ' as = ; oe 

(3) By-pass governing ous \ 

(4) Combined throttle and nozzle governing, 

(5) Combined throttle and by-pass governing, | 


Scanned with CamScanner 


Beanscane 


Steam Turbine : 289 
- 6.14.1 Throttle governing 


oi The object of throttle governing ‘is to throttle the steam to a suitable pressure 
and allow required quantity of steam to flow through the turbine according to load for 
_ maintaining the constant speed of the turbine. . 

: The arrangement of throttle governing is shown in Fig. 6.39. To start the turbine for full 
load running stop valve is opened. The operation of double beat throttle valve is carried out by 
~ an oil servomotor which is controlled by acentrifugal governor. 


Centrifugal 
governor 


5 
Returned « oil _ Ley ynt ol ° 
en d 


LLL Servomotor 


a 


ULLLLL LLL 


ZL 


: ale ‘Double beat; : 
Pilot valve J throttle valve 
Steam stop. Wa 
valve 


ty 


: > Steam exhaust 

Fig. 6.39 Throttle governing of steam turbines 

Under normal operation, piston of servomotor occupies a position midway between 
its travel in which both the inlet and exit ports of the pilot valve connecting it to the servomotor 
are closed. Any displacement of sleeve of centrifugal governor due to change in electrical load 
‘causes a displacement of the pilot valve. According to the displacement, the oil under pressure 
from the oil pump enters either upper or lower half of the chamber of servomotor. If oil enters 
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the upper half portion of Servomotor, the throttle valve starts closing reducing the abantiy a 
steam flowing through the turbine thus reducing the power output of turbine ait 
Maintained fairly near nominal value. At the same time oil from bottom half of vathe 4 
starts flowing out through the pilot valve port to drain. If oil under pressure aie. ae 
half chamber of Servomotor, an exactly opposite process is affected opening the.t ‘a ‘ 
till the speed is maintained, , ene f " recast 
” Throttle governing is the most widely used particularly in small turbines, because its 
initial costis less and the mechanism is simple. It should be noted that this method sige Li 
efficiency of power plants at part loads because a part of the available energy 1s ost 
irreversible throttling process, : ‘ ine 
Fora ‘indies. governed by throttling; the’ steam consumption plotted against the pee 
load shows a linear relationship; which is called the Willan’s line as shownin Pica 
expressed as LA48) oe e 


 m=CK +m, so (6.26) 
iT H a Ii ‘a im 
where 7 = steam consumption in kg/s at any load Ky tie brio | oq ah 


i 


C=aconstant, i.e. the slope of the line Soma 
K=loadinkW tae | 


m, =no load steam consumption in kg/s_..... 


Sse} | 
For condensing turbine ri, varies from about 0.1 to0-14 times the full load consumption 
Equation (6.26) may also be written as a ~ luv tolid 


{ 


=. A] | aaote meoie 1) (6.21) 


where rit/ K jis called the specific steari consumption and is expressed in kg/kWh. 
Generally specific steam consumption is around 3.5 kg/kWh at full load. it dey 


1 Load, KEW eo 


» Fig.6.40' Throttle governing characteristics, tes 
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turbine 


ym 
psNominerreratey a 
pe inthis » the mass flow, _.. [Nov. 714, May 712 
sismore efficient than the thrott] ee Supplied to the turbine is only controlled. 


e ‘ s 
yped in two, three or more er 80Vveming-In thi 


Ives. The arrangement of avers 
yalves- nozzle ci ae 
yr Under full load conditions all trol governingis shown in Fig. 6.41. 


ine becomes More or less than the d © Valves remain fully open. When the load on the 
ied according] € design value, the supply of steam to a group of nozzles 
may be variet ing 'y S80 as to resto, ; fi 
The.nozzle control is necessari] 


re the original speed” 
yeasin the other stages remainin ig con 


iB method, the nozzles of the turbines are 
ch group of nozzles is fed with steam controlled 


'y Testricted t 
stant, 


0 the first stage of the turbine, the nozzles 
ae | as eon | Tas 


=) 


"Steam inlet 


Fig. 6.41 Nozzle, governing .,,, wi}}o mao BbLD 

7 ing. th halpy drop is available unlike the case of 

* Incase of nozzle governing, the total entha pis ave uke Me Case Ol 
throttle governing in which the enthalpy drop is reduced at part loads: Due to this the efficiency 
at part loads remains unaffected in case of nozzle governing. -— 


Itis suitable for simple impulse turbine and larger units which have an impulse'stage 
followed by an impulse-reaction turbine. duqnai d 


‘ngs to by-pass some extra quantity of steam to the 
The'principle of by-pass governinE ee conomic load. y iisyugabenil st 
far down stream stages when Ov Le alt multi-stage impulse turbines because in 

The nozzle saben mane on is desirable to avoid partial admission losses. In addition, 
thehigh pressure stages, full dditional amount of steam required cannot be passed through the 
ite tie additional number of nozzles are not available. 


6.14.3 By-pass governing 
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By-pass steam eae blade 


SS 
K KKCWFEE Wes 


Steam chest 


—- Steam to 
lower stages 


Throttle: 
., Valve 


Snail in— LF 


~~ Fig. 6.42: By-pass governing 


The arrangement of by-pass governing is shown in Fig. 6.42..The total amount of 
steam entering the turbine passes through the throttle valve whichi is under the control of speed 
governor. For all loads greater than the economic load, a by- -pass valve i is opened, allowing 
steam to pass from the first-stage nozzlé box into the steam belt andso into the nozzles of the 
downstream stages. The by-pass valve is designed such thatitis ‘not opened until the lift of the 
throttle valve exceeds a certain value. The by- pass valve closes ‘first ag the load diminishes. 
The by-pass valve remains under the control of'a speed governor forall loads within its range. 
More than one by-pass valve may be used. 

Combined throttle governing and nozzle governing or tne governing and by-pass 
governing are preferredin practice. 


6.14.4 Comparison of throttle and nozzle governing as [Sep. 713] 
“ Throttle governing , ite ~. "Nozzle governing | aie 
1... Throttling losses are more. oust bus » lis, Throttling losses are very neligible, 
2. Itis employed in both impulse 2. Itis employed in impulse'afid also in ©!'! 
and reaction turbine. reaction (if initial stage is impulse) turbine, 
3., Partial admission losses are less, ¢« 3. , Partial admission losses are more. 
4. Heat drop available is less, root! 4! Heat drop available is more.) !/¢ ': ° 
5. Itis suitable for small n medium and | __ 5. Itis suitable for medium and large Steam 
“Targeturbine, Se cae tuce turbines if initial lsege is impulse. 


~On , tHiFy i 
wiv LAO H sey tenis Wit 
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y ere) 
6.15 Methods of attachment ofblades to turbine rotor [May °15, May an 
“Indesign of steam turbine, the attachment of the turbine blades to the rotor is the sap 
critical aspect because all the forces are transmitted through the attachment to the rotor. Thi i 
are a number of methods for fixin 8 turbine blades to the rotor. The selected type of apache 
must be able to resist the centrifugal and bending forces to which the blades may tf 
subjected. Blades which are loosely fastened to the rotor will amplify any vibrations induc! 
in the blades, causing fati gue failure. The failure of one blade may lead tothe destruction of the 
entire turbine. The various methods of blades attachment are given below. J 
(1) de Laval blade root attachment, | _ 
(2) Inverted - T attachment, 
(3) Fir-tree Or serrated blade root attachment, . 
(4) Straddle (sin gle or Multiple fork) attachment, 
(5) Side entry blades attachment, : 
(6) Shrouding strip attachment, po SF 
(7) Parsons integral blades. Fsmch SS f 
The most of the above attachments are also used in gas turbine bladings. 
(1) de Laval blade attachment : ee me ben or 
The de Laval blade attachment is shown in Fig. 6.43. In this attachment, a AUTDSEO 
holes are drilled in the rim of the wheel parallel to the axis. The slot for the blade tang is then 
pee by milling. The rectangular part connects the working section of blade tothe —— 
tang. An integral shrouding provided at the tip of the blades to form Ponto US Lt 
method of blades fastening is suitable forlow pressure impulse steam turbines., 
i» Shroud. ,: i 


pee 
Y 


Section x - x 


SSO 
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| i in i , unt Fig. 48 de’ Laval’ blade attachment ‘*' ‘ on 
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Power Plant Engineering g 
<1 aiiment A seurfeet ae “e 
a Fig. 6.44 shows inverted-T type and its various forms of oe pate eke ¥ 
attachment shown in Fig. 6.44(a) is widely used for low pressure impu ies Celene 
form is shown in Fi g. 6.44(b). It is used for the long low Beate ne cldnarate wotlk 
turbines. This fastening is slipped radially into the slot provided ont ‘ a the leit Blade Hi 
widened for this purpose. The blades are then pushed along in the slo! de j 
; Ipor ci iece i in place. 
inserted, whereupon a special stop piece is put in pl ; ; fl 
ane An iiteread T-shaped attachment used in the high pressure impulse stages ol large 
turbines is shown in Fig. 6.44(c). ' 


1 fadick: 


Fig. 6.44 Inverted-T attachment 
(3) Fir-tree or serrated blade root attachment: ~~ | Fes heorhte 
Fig. 6.45 shows a fir-tree or serrated blade root attachment. The blade and spacer is t 
made in one piece to withstand large centrifugal forces: Serrations of annular fir-tree are sl 
machined on both sides of the root and also in the blade groove. The blades are inserted on 
the rotor axially. This type of attachment is most suited for hi gh speed turbine blades. This 
attachment is extensively used in medium and large steam and gas turbines. 


vlalt “Fig. 645 Firtree attach 
(4) Straddle attachment : aaa ot 
Fig. 6.46 shows two forms of straddle attachment, F 
blades the type show in Fig, 6,46(a)is used, The blade an she Trea SPeeds arr 
; St be machined from 
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Steam 1UlInetes . — - — the wheel 
one piece of metal. The blade is forked and fits tightly on toa projecting tongue on the “ 
The rivets are slightly countersunk and staggered. ' 


Rivet 


ic (a) HOVE OF 2 °(b) i 2 torlPat aa 4% r <a)8b.d 
Fig. 6.46 Straddle blade attachments 
When the shear stress in the rivets is excessive, as with higher speeds or longer blades, 
the attachment shown in Fig. 6.46(b) (multiple fork) is used, the rivets then being in quadruple 
shear. In straddle attachment, there is no need to cut any gap for the insertion of the blades. 
Moreover, if necessary one or more blades may be removed from the wheel without disturbing 
theremaining blades. ' Seer aaa : 
(5) Side entry blades.attachment : © 7 
Aside entry blades attachment is used for very high peripheral speeds: This attachment 
isshown in Fig. 6.47. The rotor carries a comparatively heavy rim in which closely-spdced 


Fig. 6.47 ‘Side entry blade attachment. ' 
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slots are cut, one to each blade. The slots may be either parallel or skew to the axis, depending 
on the shape of the blade root profile. Considering the blade only, the area of the material 
under tension is made a maximum at section 1, where pe tension in the root is the maximum, 
Part of the pull is taken by the outermost teeth, so that a smaller area may be employed at 
section 2 and so on. The advantages of this attachment are : 

(1) Blades replacement is simple, 

(2) It is possible to obtain complete ring of blade, 

(3) Bending across section 1-1 can be eliminated. 

The cost of this attachment is high. i | 
(© Shrouding strip attachment: _ : NSS: 

A shrouds a band placed around the periphery of the blade tips in order to stiffen the 
blades and prevent spillage of steam over the tips. As the shrouding strip is attached to the 
blades at the extreme radius, the radial accelerations the maximum. Consequently, the centrifugal 
force is often very large and the thickness of the shrouding strip must be chosen with reference — 
to the bending stress. The various type of attachments are shown in Fig. 6.48. Fig. 6.48(a) 
shows around pin machined on the end of the blade, the centre being as near to the centroid — 
as possible. In Fig. 6.48(b) the “pip” for the shrouding is usually formed by milling. Sometimes, 
it is necessary to use two projections and to thicken up the blade end, as shown in Fig. 
6.48(c). The section isthen gradually varied so as to avoid stress concentration. 4 


(a) | 
Fig. 6.48 Shrouding strip attachment 
(7) Parsons integral blades: ee 
In Parsons integral blades; the blade and spacer are made fr 
5 om i i 
Fig. 6.49. Itis more suitable for long reaction turbine blading running stbigh: ors 4 
. The 


of the blade is lozenge shaped. Such blades are rolled by a di i 
4 t ‘ by.a discont f 
from a rectangular bar. The bladeis pickled, polished and the aman “re ah 
on the root. 
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é " Fig. 6.49 Parsons integral blades : 15 
6.16 Labyrinth packing [May 715] 


A small radial clearance space must be provided between rotating and stationary 


components (i.e. shaft and casing) to separate them. Steam or air will leak through this clearance 
if pressure difference exists across them. Glands and seals are the devices used in turbines 
to prevent-or reduce the leakage of steam or air between rotati 
components that have a pressure difference across them. The various 
seals are listed below. 

; (1) Labyrinth gland or packing, 

(2) Carbon ring gland, : 

' (3) Water sealed gland. a 7 ; 

Labyrinth gland is better than carbon ring gland because itcan withstand higher steam 
temperature. The labyrinth gland consists of aring with a series of machined fins that form a 
number of fine annular restrictions which cuts on the throttling principle. The various forms of 
labyrinth gland are shown in Fig. 6.50. ; . 

(1) Axial clearance gland : , ei : 

Fig. 6.50(a) shows the axial clearance or facial type of labyrinth packing. In this type, 
the rings of non-ferrous metal are caulked into the glandcasing. Shallow collars about 0.31 cm 
wide are tumed on the shaft and the leakage is controlled by the axial clearance C,. This type 
of packing is used at the end of the turbine (usually the H.P. end) adjacent to the adjusting 
block. ary 
(2) Plain labyrinth : 

Plain labyrinth is the simplest form of labyrinth packing as shown in Fig. 6.50(b). In 
this labyrinth, the shaft is kept plain and the fins are made on the ring. The number of restrictions 
and radial clearance control the leakage. As the steam passes through the restrictions, throttling 
process occurs and it results into drop of pressure and ina reduction in leakage of steam or 
air, 

(3) Stepped and double stepped labyrinth : ; 

Fig. 6.50 (c) and Fig. 6.50(d) show stepped and double stepped labyrinth respectively. 
Stepped labyrinth gland can only be employed where axial differential expansion between the 
rotor and casing are small while the double stepped labyrinth gland can accept a large axial 
differential expansion. Two of the three fins per pitch is sufficient for effective feaitsion, . 


ing and stationary 
types of glands and 
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(rotating) pipiong Matrah 5-028 
., (a) Axial clearance gland .,, (c) Stepped labyrinth 


: Casing 


Rotor bis Rotor gree 


2°) (f) Radial & axial >| -'° 


Casing F : 0, IN { ; 
ju Spring ; SN sone esis inickA (1) 


A; al : 


‘ Rotor” jlisues onih ss ot Rotor., 3/45 : 


(g) Spring back (h) Staggered 


of Tn) avrorle 2Fl8,16.50 Forms of labyrinth glands), -\ ¢;:.; 
(4) Vernier labyrinth?) :::))1 0/2 10 obnei ous er. orl bas mistg feos! ey Ay } lout 

‘Fig! 6.50() shows vernier labyrinth in which the Seal ting and the shaft are firihead This 
type of packing’is not as efficient as'the stepped seal but it is independent of differential 
expansion. 
(5) Radial and axial labyrinth : wilinhrectsl boatiote sidioh br by 

Fig. 6.50(£) shows this type of packing, Itis the combination of radial a} 
eye ett Tadi i i 

which gives two restrictions per ring. It is used only at the end adjacent arena packing 
where the axial clearance is under control. ‘ ea ! “ i Justing block 


odt listityctst ait 
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Steam Turbines, 

(©) Spring back labyrinth: © 110): sie wee cand Saige ings are spring 
Spring back labyrinth is shown in Fig. 6.50(g).In this type, the gland rings are 

loaded in order to reduce the rubbing effect with close clearance glands. 

(7) Staggered labyrinth: paneer aa : : 
Fig. 6.50(h) shows staggered type labyrinth gland. Generally, it is used to insure that 

no kinetic energy is carried over from the preceding restrictions. » 8 : : 

; "The flow through a labyrinth gland is a function of the initial pressure and temperature, 

_ the final pressure, and the clearance area under the restrictions. abides : oi i 

_ 6.17 Losses:in steam turbines \..|.;:'; (i [Nov.714, Sep. 713, May 712] 

{ ‘Inactual practice, the work done by.a turbine is less than isentropic heat drop of the 

_ steam used. There are several factors, which reduce the output of the turbine, are known as 

_ internal losses. In addition to this, mechanical losses and leakage of steam through end 

_ glands further reduce the useful workdone on the turbine coupling. 

‘ * The internal losses in steam turbine may be listed as follows : 


4 (1) Regulating valve losses , (2) Nozzle or fixed blade losses 
_ (3)Moving blade losses (4) Disc friction losses’ ia 
(5) Partial admission orblade windage losses _ (6) Clearance losses _ ro 
(7) Carry-over losses Sons) Residual or leaving velocity losses 


(9) Moisture loss aS pice (10) Radiation and conduction losses. , os 


The external losses in steam turbine may be listed as follows :. 


(1) Mechanical losses, and (2) Leakage losses from the end seals. ~ : 


6. 7.1 Internal losses Msaiiiee 
1) Regulating valve losses: 


YY 


sould 


OMS 


tt * ofThrottling a 


TTY 


(AR sen 
W821 9 BAZ x0. 


Fig. 6.51 Regulating valve losses 8 Tah aiting 
ves on h-s diagram from initial pressure’ Po to py. Dueto throttling 


through regulating val 


“regulating valves, the isentropic heat drop decreases from (Ah) sen to’ ( An’); a 
i sen 
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shown in Fig. 6.51. Hence loss in avalilecheray rial to : dintrer 
(Ahisen Valve = AWisen~ ‘(Ah’ dj n ai ‘ 2 eon 
ee 


At en 


The pressure drop varies from 3 to 5% of the inlet st steam nese Po: on 
(2) Nozzles or Fixed blade losses’. i 

These losses occur when the steam ifs apts the nozle ss ined apes o nc 
These losses take place due to friction in the nozzle and the foptntiots of ee ive Sein 
losses in nozzles were mentioned earlier in chapter of nozzles.«: ib bre entice ® 

Losses in nozzles producé heat, hence the heat conterit of steam at the nozzle'outlet 
will be more than the theoretical value. Therefore, the actual heat drop in - haa we be bai 
than theoretical value resulting reduction in velocity at nozzle outlets « " 

Let «Vj, =theoretical velocity at nozzle ante AINE OLE 


Vig =actual inte at nozzle exit 


Ins 
of tl 


Vi Via kikg 
51000" : 
The nozzle loss Peter onits size, ‘surface Piges its ‘jength r 
divergence angle, space between, nozzle, Moi sture and trailing edge. 
(3) Moving blade losses : ; 
Moving blade losses are caused by the foil ile 

(a) Blade frictional losses : Steam flow experiences a 
through the blade passage. This loss depends upon the blade chor nd the roughness of 
the blade surface. 


.. Losses of. energy in nozzle = = 


© Traitirig edge wake ‘losses : THEke occur 
thickness. . 
(d) Turning losses : These occuras the sfbam turns in the blade passage. x citi 
(e) Leakage losses through the annular space between the stator and shrouding : There is 
always leakage. of steam through the annular space between the nozzles and the shrouding 
attached to the moving blades. This causes unproductive flow, thus adds\ to the energy losses. 
The moving blade losses are taken care of by the blade friction coefficient (K) 
representing the reduction. of relative velocity of steam from Vv & Vr5 due to friction. 
(4) Disc friction losses: \'") | : 
When’a disc suchas steam turbine Frtori rotating ina actin viscous fluid like steam, 
there is.a true surface friction loss due-to relative motion between the disc and the steam 
particles. The moving disc surface exerts a dragon the steam, Sets itin motion from root totip: 
and produces a definite circulation as shown i in Fig. 6, 52. Some e part o f ie roo! " 
steam is Jost due to this friction. ‘ *. neue energy 


h ani Iss 
aly .o ' 
‘ init 
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Fig. 6.52,Disc friction losses 


(5) Partial admission or Blade windage losses : 
’ Inthe high pressure stage of the steam turbi ne, a relatively small flow area is required. 
Insuch a turbine nozzles are provided only over a part of the blade periphery. Due to this 
__ some blade channels are partially filled with steam, This results in partial admission and some 
of the blades which are not under the influence of steam jets and idly churn the steam. This 
gives rise to the formation of eddies in those channels as shown in Fig. 6.53 causing a loss to 
the turbine. This is termed’as blade windage lds...” . torte 
_ Nozzles SG: YO SRIGAG 


KS 


(b) 
Fig. 6.53 Partial admission loss 
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The partial admission loss may be considerably reduced by enclosing the blades on 

both sides, 
(6) Clearance losses : ; 

There is a small loss of energy in each stage df a turbine lu 

from one wheel chamber to the pass the space between the diaphragm He oak 

or the wheel hub, as the case may be. Tip leakage occurs in reaction eels ria 

clearance between the outer periphery of the moving blades and the casing 

ressure difference existing across the blades. 

j The leaked efoto ok See energy loss because it does not ‘work on nee 

Both diaphragm and tip leakage can be minimized by reducing the radial clearan : FA 

must avoid rubbing or metal-to-metal contact. To reduce leakage through di aphragm, Be 
labyrinth packing are employed as shown in Fig, 6.54. : ais gone nl 


e to the leakage of steam 


A He 0 
WY Stationary yy fe 
ZN A LW ; Spoon coved 
Steam ; SS S Hoi 3 
pire lah YAY As ile Pe Steam ee 


¥ SA wis We US Sys $2 
AA ae 


Fig. 6.54 Labyrinth ‘seals 


(7) Carry over losses : 4 

This occurs in multistage turbines. Som energy loss waite plicea! as s steam flows from ; 
one stage to the next stage. In this loss, the kinetic energy of steam available at the succeeding j 
row of moving blades for utilisation is less than kinetic energy at the exit of preceeding row of © 
nozzles. This loss is taken care bys aterm Sis calledcarry, over Coefficient whichi islessthan |. 
unity, — ae 
(8) Residual or leaving velocity losses : , ot 


This loss represents the kinetic energy associated with absolute velocity of steam oy 
leaving the last stage of turbine. 10-12% loss occurs in single stage and much less occurs in i 
multi-stage turbines. or cee ppp epee nynnginet 
(9) Moisture loss:" ) |. LEED yy 
This loss takes place due to moisture presenti in the steam, Tt ik 
Occurs when the steam, |. "4 
passing through lower stages, becomes wet. The velocity, of water particles is less than that of Ney 


steam. As a result of this, the steam has to rag the. water articles, q 
energy ofthesteam. «< . P which aeace the kinetic 


(10) Radiation and conduction baa $ 


This loss takes place due to difference of the ie 


rature 
and the surrounding atmosphere: This is reduced yi properly i a — hewtine casing 
urbine, 


i" \ 
ah: aoe \ 
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"617.2 External losses —--———=—- ; 303 
(1) Mechanical losses ; : 
These losses _ 23 -_ 
also include energy ‘bed due to friction between the shaft and wheel bearing. These losses 
shaft such as the main oj] i mechanisms and any other machine coupled to the turbine 
parts oftheturbine. | + P, etc, These losses can be reduced by lubricating the moving 
(2) Leakage losses from the end seals : 
There is le; : 
ut from the fetina ? . et es from two ends of the turbine where the turbine shaft projects 
0 areansithe otitis ‘asing: This leakage is due to pressure difference between inside the 
“a atmosphere. There is steam leakage through the end of labyrinth seals. 
6.18 Special types of steam turbines 


In several industries Such as textile, chemical, paper and pulp, jute mills, sugar factories 
and s0 on in which there is a dual demand of power and steam for process heating and drying. 
For this type of work, previously, the steam was generated at a moderate pressure for power 
purposes and saturated steam for process work was generated separately at a pressure which 
gave the desired heating temperature. There were having two separate units for process heat 
and power. In this type of system much of the heat of the steam that is used for power work is 
carried away by the cooling water in condenser and that is wasted. This loss can be saved by 
utilising the exhaust steam in process work by asuitable selection of initial and exhaust pressure 
of steam and thus by this way power and process work are achieved atthe same time. | 
The thermal efficiency of such a combined power and heating plant is very high 
because all or part of the steam is.condensed in the process work and no or less amount 
of steam is condensed in a separate condenser. | 


6.19. Back pressure turbines. . } [May.?15, May 14, May 713] 
The back pressure turbine is used in applications where combined power and heat in 
steam for process work is required. The arrangement of back pressure turbine is shown in 
Fig. 6.55. ETQA Sy Gd 1g 
In back pressure turbine, the steam from boiler is supplied to steam turbine through 
theturbine valve. The expansion in this turbine is limited and the exit pressure of turbine is such 
that steam leaving thé turbine isin superheated state which is used for process heating for high 
rate of heat transfer. The superheated steam leaving the turbine is not suitable for process 
heating, a desuperheater is introduced in between the exit of turbine and process heater. In this 
desuperheater, a jet of water, thermostatically controlled, is sprayed and due to contact with 
superheated steam'spray water is evaporated and the steam is cooled and thus becomes 
saturated steam, Saturated steam from the desuperheater enters the process heater and is 
entirely condensed by giving heat to the heating surface. Depending upon the conditions, the 
- condensed steam may or may not’be returned to the boiler. i ( 
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valve , iM 


<a 


Water 


Desupetheater 


—Process heater 


i Fig:'6.55 Arrangement of back pressure turbine i 


sat aie tt 
Workdone 
in turbine 
Heat available 


‘for process: + .0 
| heating 


(b) hh - s diagram 


(a) T - s diagram 


Fig. 6.56 Representation of back pressure turbine 


In this arrangement, generally, the steam required for power generation will not always 
be equal to that required for process work. To avoid variation in exhaust pressure and therefore 
of the steam saturation temperature, some methods of controlling the exhaust steam resource 
must be employed. If the available exhaust steam is too small, live steam ma ie assed 
through the by pass valve (pressure reducing valve) into the desuprheater. | te 

exhaust steam is in excess of what is strictly necessary for the proc ie: 

steam may be blown into a feed tank or to atmosphere by rcttipite ir te excess 
is no power requirement by the industry, the by-pass valve by pass the steam di velyecTithes 
boiler to desuperheater for process heating, rectly from the 
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Steam Turbines.. Let Q is the rate of heat 


Fig. 6.56 shows the T-s and h-s diagrams for such a cycle. Le a 
energy supplied to steam boiler, and Q, is heat energy utilized for process heating. - 
i “1 Q) = my (hy — hg) ; 

where 7, =rate of steam generation in boiler, kg/s 


Turbine work, Wy. = my (hy, — hy) 


where mm, =rate of steam supplied to turbine, kg/s 
Ifno steam is by passed, then m, = m, 

Heat energy utilized for process heating, 
Q) =m (hy — hy) 


Neglecting the pump work, 


AAA 


i 


_. W, : 
Efficiency of the plant, 1 = —~—>— 


(6.28) 


The back pressure turbines are quite small with respect to their power output because 
hd exhaust pressure is high and specific volume of steam is less. Hence they are pale in 
_ terms of. cost per MW compared to condensing turbines of the same power. 


20 Pass out turbine or Extraction turbine i ‘TSep.’13, May 712] 

In many: cases, the power available from the back pressure turbine is considerably 

less than that required in a factory. This may be due to relatively high back pressure, or small 

heating requirement or both. Pass-out turbines are used in these cases; Where acertain quantity 

of steam is continuously extracted from the turbine at an intermediate stage for heating pees 
at the desired temperature and pressure. 

The arrangement of this turbine is shown in Fig. 6. 57. In this system whole of steam 
from boiler enters into the High Pressure (H.P,) turbine and the steamis allowed to expand 
upto the pressure requirements for process heating. A part ofthe steam fromexhaust of H_P. 
turbine is extracted for process heating and remainder i is supplied to Low Pressure (L.P.) 
- turbine through the by pass valve which regulates the steam supply. This steam is allowed to 

expand in low pressure turbine upto the condenser pressure for power generation, The 
_ condensate from condenser is returned to boiler by feed pump-1. A pressure regulatoris 
introduced into the system which regulates and maintains the pressure of steam’as per the 
_ Pressure requirement of process heat. To facilitate the operation of pass-out turbine for variable 
, pation of steam requirements either the nozzle governin g or throttle ial is used,” 


_~M pPet 621 
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“Steam 


Feed 


pump - 2 Process heater ' 


Pressure 
_Tegulator 


Feed , @ 
pump -1 
Fig. 6.57 Pass-out turbine 


sete ih J - 
‘ aT ss dagram: ii Ast “i > (b) he ailinowaiie ons 
‘ 6. 58 } Representation’ of pass ‘out turbine “alas! x 


, Th 
of Pers ° re of fie out turbine j is represented on T-s and h-s cca as shown in 
m, = mass of steam generated iG boiler, kgls. : VAOSTRONL Sis onsiMbue 
;' m= mass of steam extracted for process heating, -kgls ‘ UD 
Heat energy supplied to the boiler, : = 


Q, = m,(h,~ hy) .. 


HATS y 
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‘Heat energy rejected to condenser, © 
Q) = (m, —m)(hy — hy) 
Heat energy utilized for process heati ng, 
Oy = m(hy — he) ; 
Turbine work, W,. = m; (hy — hy) + (m, = m)(hy — hg)!" 
Pump work, Wy = (mt, ~ m)(hs ~ lig) + my — hg) 
Efficiency of the plant, i ' 


oe 


«(6.29) 


_ 6.21 Mixed pressure turbine 


In some industries like chemical and material processing, steel, rolling mills, etc. the 
__ steam is required at considerably higher pressure and it is also exhausted at a pressure 
__ considerably higher than atmosphere. In this case, the utilisation of exhaust steam in a Low 
Pressure (L.P.) turbine is advantageous. In this arrangement part of High Pressure (H.P.) 
steam from boiler is supplied to process plant and L.P. steam coming from process plant is 


_ supplied to L.P. turbine where it further expands to condenser pressure. The arrangement of 
such turbine is shown in Fig. 6.59. ; i 


“\ 


Fig. 6.59 Mixed pressure turbine 


The mixed pressure turbine is designed in sucha way that live steam (H.P. steam) may 
admitted to the turbine at an earlier stage than the first L.P. stage. So we can say that this 
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: = oa enerally in 
turbine consists of two turbines, one HP. and the other L-P. turbine but “apa a die 
same casing. The steam coming out from last stage HLP- turbine ae : - is getting mixed 
the L.P. turbine. If the processing plant is also operating then the LP. ane enters the first set 
with the steam coming out from the last stage of HP. turbine and after 


of nozzles of the L.P. turbines, thus the name “mixed -pressure turbine”. eee oh 
LP. steam are controlled by centrifugal governor to maintain the speed of t : airly 
constantirrespective of load. So there are three possible conditions af operal iy - 
(1) Power developed entirely by L.P. steam, 
(2) Power developed entirely by HLP. steam, 
(3) Power developed partly by H-P. steam and 
mixed-pressure turbine. 
Inplace of process plant, L.P. exhau: 


usedin mixed-pressure turbine. 


partly by L-P. steam, thus the name 


st steam from reciprocating steam engine may be 


Solution : Given data (refer Fig.6.60) 
m= 12 /h= (12 x, 10°) / 3600 = 3.333 ke/s, pp = 3 bar, 


W,= 1200 KW, 1=:72% 
nae seria epee 


i i 2 ee ee 


Fig. 6.60 
Power developed by turbine, Wr = m(Iy - hy) 


1200 = 3.333(h, — Ay) 
hy —hy, = 360.036 ki/kg 
From the steam tables, at 3 bar pressure, hy= 27047 kg. . 
. h, — 2724.7 = 360.036 \ husale, Q a 
vy =3084.736 kI/kg 6)! iain 
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NOW, hy — hy, = eae =500005 kd kg 


2. Wi, = 3084,736 ~500.05 = 2584.686K/ /kg 


hy = hy + xphfy = 5615+ x5 2163.2 = 2584.686 
w xg, = 0.9353 


52 = Sf +245 py = 1.672 + 0.9353X5.319 = 6.647 KI lkgK 


ae For isentropic expansion, 5, = 53” 


From the Mollier diagram corresponding toh, = 3084:736 kihkg and 5; =6.647 kJ/kg K, 
Vbe We get P, = 38 bar and 7, = 340°C. leo 


Solution : Given data: (Refer Fig. 6. 61) 
Power load = 63 Mw, Heating load = 1.4MW: P= =50 bar, T= = 500°C, P3 =0.1 bar, 


ees mie Benn oe 2 Mang Ny = 86%, O, = 2 my =?, 
T= HC 


Fig. 6.61 
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= 500°C, 


From superheated steam tables corresponding to. p =50 bar and T, 
hy, = 3433.7 kI/kg, 5, = 6.977 kJ/kg K = Sp = $3 
8) =8¢ +95 py =1.672+ xy X5319 = 6.977 
x2 =0.997=1 
From steam tables Corresponding to py =3bar-. f 3) oy 
fy = hy = 2724.7 kifkg, ig = hy = 561.5kI/kg , 
If mis the rate of steam extraction for process heating. 
m(hy ~ hg) =1.4x103 sas 
(2724.7 561,5)=14x102 
“+m = 0.6472 kg/s = 2329.92 kg/h 
af e =sF +s fg = 0-649 + x, 7.502 = 6.977 © 
Pe ky SOIB4BS 3 wos tes 8 apa 

We have h, = hy + mh, = 191. 8+0. 8435x2392. D. si 

=2210.211 kJ/kg: % 

Total turbine work, Wp =m, (h, —hy)+ (in, - a ee 
6.3x103,= = Mm, (3433.7 — 7\2724. 7)- 4 (m, -0. ANITA) 7. -2210, 211) 
Sm, | x109 +m, *514,489.- 332.977 Pre Os 

“ m, = 5.42 kp/s = 19516. Okgih=19, 5169 th i Ans 4 

Hina atstate point7 2 Ci > al) 
hy =he +¥¢ (Py - 7) C P7 = Py, Pg = Pasig © fg) 

= 561.5 +0.001074 (50x10? =3x102) 


| 
= 566.5478 kI/kg ‘ i 
Enthalpy at state point 5 3 \ } 


hs = hy +¥¢(Ps— Py) CPs = Pepys Parks Thy) 


= 191.8 + 0.00101 (50x10? - 0.1x102) 
= 196.8399 kJ/kg 
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‘Heat supplied to the boiler, \ : 
Q) =(m, - mh, - hs) +h, —hy) B\ 


= (5.42 — 0.6472)(3433.7 — 196.8399) + 0.6472(3433.7 — 566: 5478) 
= 15448.886 + 1855.621 = 17304.507 kI/s 


=17.3045MW ‘ ‘ies 
Boiler efficiency is given by 3 yi 

ae & | 

| acememperepestcrr | 
my X Cy. 2 
pg 272045 
mks 
“Mp =0.8748 kg/s = 3149.28 kg/h = 3.149 thh Ans 


Heat rejected to condenser, , 


Q» = (m, — m)(hg — hy) = (5.420. 6472)(2210. 211—191.8) 
= 9633.472 kJ/sorkW ; 
= 9.63347 MW ; Ane 


Let m,, = Cooling water flow rate inthe condenser. i 
Ze mC Al, hey Ae 
+. 9633.472 = m,, x 4.1878 * \ { 

thy = 287.6 kgls= 0.2876 ms scan Ue | Ans 


om, = 12600 kg/h = 3.5 kg/s, py = 1Sbar, Th 250°C, On + = DSKW, Pas tied 


Po =0.1 bar, X =0.88 — 
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ms = 3.5 kg/s ity -m 


(b) T - s diagram 

f ¥ : Fig. 6.62 
PN The steam quality at the entidst of the :H.P. Robivine i '. uh i “8 
From the superheated steam tables cortéspdnding to = =15 bar and T, = = 250°C 


hy = 2923.5 ki/kg, 5 OTLONTKE Kicootinvei o's 4s funy, auskceos al 
From the saturated steam tables corresponding to a. P>'= 15 bar 


“hig = 2 844.6 ki/kg, Mjp = 1945.3 Ki/ky oy 4 aE | 


‘hg =hy + aahyy = 844.6 +095 x 19453 = 2692.638 gg”! 8 
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Throttling is constant enthalpy process, q juga 0 
tty =hy ‘9 ) 


Work done by L.P. turbine = 1250 = m, (hs — hg) 


ws - whe = Fg = 357.0 jor snot Laud 
From steam tables corresponding to De =0.1 bar is ie 
hp = 191.8 kI/kg, Aj-= 2392.9 kIikg 
“he = hg + x¢h fy = 191.8 +0.88 x. 2392.9 = 297.552 kikg 
Rs, — 2297.552 = 357.143 
“hs = 2654.695kIkg ye laid ni mc 
From steam tables corresponding to ‘p23 aia eats 
hy = 561.5 kik, hyp =2163.2kilkg, 
S p= 1.672 klikg K, Sf = 5.319 kikg.. 


We have, Say = sp tas ete our ebony 
bbe ate 6.710 = 1.672 4 x4x5.319' © nidual git ae 
EL 5 ee ee en oe 


Heat required for process eatin! is given by 
re ‘m(hy ~ hy) 3 125 = m(2923.5 - 2692. sani 
ih = 0.5414 ke/s gore 
2. (mg ~m) =3.5 -0,5415 = 2.9586 kgls >. 
i emniialine lager wa ii nt ¥ qt alge 
iy + (a ig ge joys anh, nats ators 
+». 0.5414%2692.635 +2. 9586 xh, = 3.52654. 695 


Ny = 2647.752 kI/kg ) ! ebay a 


Also y= hy + x4hyy : e rat nist 


iu cBIT PyOMmegeyy 


2647,752 = S615 ax 21632 " sl ema ve 
4 = 0.9644 
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(ii) The power developed by H.P. Turbine : q 
(Wr )iyp = (m, —m)(Iy — hy) = 2.9586(2923.5 — 2647: 1152) ; 
= 815.828 kW dec ysouidw: JL YO 90 m8 
(iii) The isentropic efficiency of the H.P. turbine 
(ty, Sat? Actual heat drop _ fi hyt Ve sé 
isen’HP ~ Tsentropic heat drop | My —hy nibnoqaprie2 soldat mole t 
_ 2923.5 - 2647.152 _ 9 g7979 = 7.972%,» 9.001 = Ans 


~ 2923.5 — 2610.05 


6.1 Define steam turbine. How does energy conversion take place i in sicamn-tu turbine? 
6.2 Explain in brief advantages and disadvantages of steam turbine!” ? 
6.3 Explain in brief principle and operation of steam turbine.,),¢-j253:94 °9'0 
6.4 Give detailed classification of steam turbines. 7 aod 
6.5° What do you understand by impulse and reaction turbines? foe 
6.6 Howisturbines classified according to direction of steam flow? Z 
6.7 Whatisthe difference between condensing and non-condensing steam turbines? 
6.8 What do you understand by regenerative steam turbine? 2 
6.9 What do you understand by compounding of steam turbine? State ‘the different sae 
of compounding of steam turbine and explain with neat sketch velocity paps 
impulse steam turbine. 
6.10 Explain pressure compounded impulse swan turbine ibe: net sketch and gi give ecryantage 
and disadvantages of the same. 2 Phot 
6.11 Explain pressure-velocity eanerdanciclicmeatt die with neat hehe 
6.12 Define: (i) Blade efficiency, (ii) Stage efficiency, (iii) Blade speed. ratio, 
6.13 Explain the effect of blade friction on velocity diagram of simple impulse “ii turbine. 
6.14 Define blade efficiency and hence derive an expression for maximum blade efficiency | 
= | 
: 


33 iB" 


ee ou 


for asingle stage impulse steam turbine. - Arusratib util sey in 
6.15 Explainin brief condition for maximum efficiency of impulset turbine, we : 
6.16 Explainreaction steam atin showing variation of Ppa and nd velocity along the axis 
of turbine. } pi XO8ACS 4 LEH } 


6.17 Define degree of reaction and show that degree oh reaction rae = ae (cord . cot 18). 
6.18 Explain Parson’s reaction turbine. Why is it called 50% Teaction’ own 


6.19 Derivean expression for maximum efficiency of Parson’s Teaction turbj 
6.20 Give detailed comparison of impulse and reaction steam turbines ine, < 
eS 
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6.21 Explain “Reheat factor” and “Internal efficiency”. Derive the relation between stage 
efficiency, internal efficiency and reheat factor. é 
Explain impulse blade sections with neat sketch. Also state limitations of plate blade. 
ith neat sketch. : 
Explain the concept of any one with 


6.22 
6.23 Explain impulse-reaction turbine blade section wi 


6.24 Listthe different losses occurring in steam turbines. 


neat sketch. . : re 
What is compounding of impulse turbine ? List main types of compounding. Explain 


working principle of pressure compounded impulse turbine. ‘ ’ 

6.26 Foran impulse turbine, explain the following terms and also obtain expressions for 
them:- : 
(i) Power (ii) Axial thrust (ii) Blade efficiency 

6.27 Why is governing of steam turbine required? 

6.28 State the various methods of ‘governing of asteam turbine and explain any one of them 
indetail. ' : 

6.29 Explain throttle governing with neat sketch. 

6.30 Explain with neat sketch nozzle control governing of steam turbine. 

6.31 Explain with neat sketch by-pass method of governing of steam turbine. 

6.32 Compare throttle control governing with nozzle control governing of steam turbine. 

6.33 Explain throttle control governing of steam turbine. Compare it with nozzle control © 
governing. 

6.34 When bypass governing i 
bypass governing. ’ ; 

6.35 Why nozzle control governing is not used in reaction turbine ? 

6.36 Whatis Willans line? : eit 

Justify the statement “Back pressure and pass-out turbines are advantageous for power 

and process work than generating steam for both work separately”. , 

6.38 Why the combined power and process heating plant is more efficient ? 

Explain with schematic diagram, the working, utility and importance of back pressure 

turbine. : 

Explain with schematic diagram the importance, working and application of back pressure 

turbine. When and why the steamis de-superheated? . _ : 

6.41 Write short notes on working principle and application of “pass-out” turbine, 


6.42 Explain pass-out turbine with T-s and h-s diagrams. 


6.43 Explain pass-out turbine with neat sketch. 
In what conditions, mixed pressure turbine is needed ? Explain with diagram the 


arrangement and working of mixed pressure turbine; 
What is the function of steam accumulator ? Also explain the operation of the steam 


6.25 


$ required in steam power plant ? Explain the working of 


accumulator. 
6.46 Explain with aneat sketch asteamaccumulator. 
Labyrinth glands and packing used in steam turbine, 


6.47 Write short notes on the gused 
Explain with neat sketches, any two methods of blade fixation on the turbine rotor, 
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6.49 Discuss briefly the various losses occurring in steam turbines. ment 
6.50 Explain in brief (i) de Laval blade attachment, (ii) Serrated blade root attac! . 
6.51 Explainin brief : Disc friction and blade windage losses in steam turbine. 


Unsolved Numerical Problenis 


6.1 Steam issues from nozzles, inclined at an angle 24° to the direction of motion, vn 
velocity 1000 m/s on to the blades of asingle stage impulse turbine. The velocity is le 
blades is 400 m/s and the blades are equiangular. The steam flow rate is 40001 g/h. 
Determine (i) inlet angle of the blades, (ii) force exerted on the blades in the direction of 
their motion (iii) power developed by the rotor. Assume frictionless flow in blades and 

i ck. 
steam enters the blade without sho “Ea 39°: G2) L.155KN, (iii) 462 KW] 
6.2. Steam issues from the nozzles of a De Laval turbine with a velocity of 720 m/s. The 
nozzle angle is 16°, the mean blade velocity is 180 m/s and the blade angle at outlet is 
25°. The mass of steam flowing through turbine per secondis 1 kg. The blade velocity 
co-efficient is 0.72. Determine : (i) power of the wheel; (ii) blade efficiency (iii) the energy 
lost in the blades. [Ans. (i) 157.5 kW (ii) 60.75%, Gii) 72.84 ki/kg] 
6.3. Inastage of an impulse turbine provided with a single row wheel, the mean diameter of 
the blade ringis 100 cm and the speed of rotation is 3000 rpm. The steam issues fromthe 
nozzles with a velocity of 300 m/s and the nozzle angle is 20°. The rotor blades are 
equiangular. If the friction loss is 35% of kinetic energy correspondirig to relative velocity 
at inlet, find the power developed by the turbine. The axial thrust is' 150N. : 
ol ~TAns. 262 kW] 
6.4 Inasingle stage impulse turbine, the mean diameter of the blade ring is 105 cm and the 
speed of rotation is 3000 rpm. The steam issues from the nozzles with an angle of 18°. 
The ratio of the blade speed to steam speed at entry to blade is 0.42. The blade velocity 
co-efficient is 0.84. The outlet angle of the moving blade is 3° less than the inlet angle: 
Determine : (i) power developed, (ii) blade efficiency, (iii) axial thrust: : , 
: [Ans. (i) 64.16 kW/kg of steam, (ii) 83.23%, (iii) 59.10 N/kg of steam] 
6.5 In simple impulse turbine, the velocity of steam leaving the nozzles is 1200 m/s and the 
nozzle angle 20°. The blade velocity is 375 m/s and the blade velocity co-efficient is 
0.75. Mass flow of steam is 0.5 kg/s and blades are symmetrical: Determine : (i) Blade 
inlet angle, (ii) driving force on the wheel, (iii) axial thrust on the wheel and (iv) power 
" developed by the turbine. [Ans. (i) 29°, (ii) 660 N, (iii) SON, (iv) 247.5 kW] 

6.6 Asimpleimpulse turbine has a mean blade ring diameter of 2.5 mand runs at 3000 rpm 
The nozzle angle is 20° and ratio of blade velocity té steam velocity j 0.4 aol 

friction factor is 0.8 and blade exit angle is 3° less th dis Stacie ene 

cba BI ss than that'at inlet. Steam flow rate is 

36000 kg/h. Draw velocity diagram for moving blade and determine: (i - 

(ii) blade efficiency, and (iii) steam consumption in kg/k' ace ce ey 


(Ans. @) 3800 kW, (i) 78.79, (ii) 9.47 kg/kWh] 
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6.7 Instage of 50% react ee rar ee | 
10n turbi GuRe nd it runs at 
1pm. The discharge bj N turbine, the steam consumption is 15400 kg/h a 


i re blade tip angles are 20° both for moving and fixed blades. The axial 
13 bert dca Gare et 
teakooe stearnas 8% ‘ 3 and power developed by the pair is 3.5 kW. al abkale 
height ° Dut neglect blade thickness. Find the drum diameter an 
"7 : [Ans. D=1.032 m, h= 78 mm] 
6.8 A reaction turbine with a mean blade diameter of 100 cm runs ata speed of 3000 rpm. 
The blades are designed with exit angles of 50° and inlet angles of 30°. If the turbine is 
supplied with steam at the rate of 20 kg/s and gross efficiency is 857%, determine : (i) 
power output of the stage, (ii) specific enthalpy drop in the stage, and (fii) percentage 
increase in relative velocity in the moving blades due to steam expansion. 
, [Ans. (i) 1413 kW, (ii) 83.1kJ/kg of steam, (iii) 53.2%] 
69 A Teaction steam turbine runs at 300 rpm and its steam consumption is 4.58 ke/s. The 
pressure of steam at acertain pair is 1.76 bar (abs.) and its dryness fraction is 0.9 and the 
power developed by the pair is 3.31. kW. The discharge blade tip angle both for fixed 
and moving blade is 20° and the axial velocity of flow is 0.72 of the mean moving blade 
velocity. Determine the drum diameter and blade hei ght. Take the tip leakage as 8%, but 
neglect area blocked by blade thickness. ' ‘{Ans. (i) D=1.03 m, (ii) h=0.1 m] 
6.10 The following particulars refer to a stage of an inipulse reaction turbine : Mean diameter 
= 680 mn, turbine speed = 3000 rpm, mass .flow rate of steam = 13.5 kg/s. steam 
velocity at exit from fixed blades = 143.7 m/s, blade outlet angle = 20°, carryover co- 
efficient = 0.74, expansion efficiency in the blade channels = 0.92. Determine : (i) the 
power developed in the stage, (ii) the gross efficiency. » [Ans. (i) 236.46 kW, (ii) 89%] 
6.11 At astage in a reaction turbine, the mean drum diameter is ‘1.5 m and the mean blade 
height is 150 mm: The blade tip angles of fixed and moving blades at inlet and exit are 30° 
ny and 20° respectively. The turbine is supplied with dry saturated steam at the rate 200 kg/ 
sand pressure of 15 bar. The stage efficiency is 85%. Determine : (i) the axial velocity of 
flow, (ii) the blade speed, (iii) the power output of the stage, (iv) the specific enthalpy 
drop in this stage, (v) the percentage of increase in relative velocity in the moving blades 
due to expansion in these blades. 1 veel 
. [Ans. (i) 34.47 m/s, (ii) 34.99 m/s, (iii) 1080.42 kW, (iv) 6355 kI/kg, (v) 46.18%] 
6.12 A certain chemical plant requires 8 th of steam for process heating at2 bar dry saturated 
and 800 kW of power, for which a back pressure turbine of 70% internal efficiency is t 


be used. Determine the steam condition required at inlet of the turbine. - 
9) ‘ pecinhiz ec) [Ans : 27 bar, 330°C] 
6.13 A 12 MW steam turbine operates with steam at 40 bar and 400°C at the inlet an 
exhaust at 0.06 bar. 12,000 kg/h of steam at 2 bar are to be extracted for process w ack, 


The turbine has 76% isentropic efficiency throughout. Find the boiler Capacity required, 


[Ans : 13,9206 kg/s} 


Scanned with CamScanner 


int Engineering 


Power Pla 


Objective Type Questions 


In case of impulse steam turbine ; 
(a) there is pressure drop in nozzles and moving blades 
(b) there is pressure drop in nozzles only 
: (©) there is pressure drop in moving blades only 
* (d)all of the above 
De-Laval turbine is an example of 
(a) simple impulse turbine Of ion f 
(b) pressure compounded impulse turbine «,’: t 
(c) velocity compounded impulse turbine 
(d) reaction turbine / 
In case of reaction steamturbine Kye 
(a) there is pressure drop in fixed blades only ©: 
(b) there is pressure drop in moving blades only 
(c) there is pressure drop in fixed and moving blades 
(d) all of the above : 
The following statement is not true for reaction steam turbines 
(a) steam expands in fixed as well asin moving blades. 
(b) Ithas higher diagram efficiency than impulse turbine 
(c) It occupies relatively more space :. = et 
(d) It’s blade channels area is constant 
In De-Laval stéam turbine i ; , Bt negol 
(a) the pressure in the turbine rotoris higher than the condenser pressure: 
(b) the pressure in the turbine rotors less than the condenset pressure. 
(c) the pressure in the turbine rotor gradually decreases from inlet to exit to condenser 
pressure. ; aby citar 1gi2 ayo wBe , 
(d) the pressure in the turbine rotor is approximately equal to condenser pressure. 
Inregenerative steam turbine SFY annuity od 
(a) abled steam is used for process heating 
(b) bled steam is used for feed water heating i ’ 
(c) exhaust steam from turbine is used for process heating : Sony? 
(d) allofthe above?) s05 ; bidolite 7 ‘ 
Inimpulse turbines, when friction is neglected, the relative velocity of steam at outlet tipof 
the bladeis___ the relative velocity of steam at inlet tip of the blade. 
(a) greater than i (b) less than sti war ee 
(c) equal to (d)noneof the above 
Compounding of steam turbine is the method of 
(a) reducing the rotational speed of the turbine . 
(b) increasing efficiency of the turbine 
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10. 


12; 


13. 


14. 


15. 


16. 


17.. 


18. 


(c) increasing the rotational speed of the turbine 

(d) reducing steam Consumption of the turbine’ 

Rateau steam turbine is 

(a) pressure - velocity compounded impulse steam turbine 
(b) velocity compounded impulse steam turbine 

(c) pressure compounded impulse steam turbine 

(d) reaction steam turbine 

Curtis steam turbine is 

(a) pressure-velocity compounded impulse steam turbine 
(b) velocity compounded impulse steam turbine 

(c) pressure compounded impulse steam turbine 


(d) reaction steam turbine 
. Bladeor diagram efficiency is given by ; 
QiiVy We ave ae 
a) Vj (c) We ( Vi 


Axial thrust on rotor of steam turbine is given by 
(a) m(Vji-Vy2). (b) m(Y-Vo) ©) M(VptVe2). .. @ m(V,+V2) 
Condition formaximum ciagreen efficiency of single stage impulse turbine 


2 SOL 
@) p=) p=cose — © P=Z~ A) pcos" a 
Maximum blade efficiency of dase stage impulse turbinei is given by 
2 

(a) G- Kp) 2 wa KB (© (i+ KB) cles @ (+ KB) Es 
Degree of reaction i as refered to steam turbine i is, given by,. 

Ahy Ahn Ahn ‘Aly 
@ Bayt Ahy ©) Big + Aig © hig © Tg 


Following isa rextialss case of reaction turbine in which the degree of reaction is 0.5. 


(a)Curtisturbine. | 2 (b) De-Lavel turbine 
(c) Rateau turbine (d) Parson’s turbine 
Following is the condition formaximum| blade efficiency of Parson’s reaction turbine.’ 
i _ Cosa | cos” cos" a 

(a) p=cosa (b) POReT: 5 () pee > @dpe= us 
The maximum efficiency: for Parson’s reaction turbine is given by 

cos” a 20s” a , 2cos” a a cos? a” 
ie) 1+cos” a 1-cos” a l+cos?a ° 1-cos?a 
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19. Steam turbines are governed by which of the following methods ? 
(a) Throttle governing (b) Nozzle governing 
(c) By-pass governing (d) All of the above 
S. 
20. _____ method of steam turbine governingis generally used in as a 
(a) Throttle (b)Nozzle — (c)By-pass __ (d) all of the abo 
21. Inwhich method of governing, partial admission losses are ah ‘gate mutt 
(a) Throttle (b)Nozzle  (c)Bypass —(d)all of theabo 
22, method of steam turbine governing is generally not suitable for reaction turbine. 4 
(a) Throttle (b) Nozzle (c)By pass’ _ (d) all of the above 
23. Following is the most efficient method of steam turbine governing i 
(a) Throttle (b)Nozzle » (c) Bypass .. :..(d)all of the above 
24. — Inwhich of the following turbine, condenser is not used ? Dri im ues: 5 


(a) pass-out turbine (b) back pressure turbine. 
(c) mixed pressure turbine (d) none of the above 
25. .In___ turbine, de-superheater is used. é 
(a) pass-out turbine (b) back pressure turbine 
(c) mixed pressure turbine » .(d)none, ofthe above; py :ertitoiy 4s Od 
26. Why isthe cogeneration of power a process heat advantageous ? 
(a) heat rejected to condenser is less Pm pW TE 0p) plant efficiency is high 
(c) two separate steam generators are notneeded -(d)'all of the abovey> 
27. The following turbine is also called extraction turbine eae 
(a) pass-out turbine : (b) back pressure turbine’ -2= 4 (8) q 
(c) mixed-pressure turbine @i all of the above | : as. i 


28. Inpass-out turbine! 2" {AE ganic g RICE EIYY, sch 
(a) steam is supplied with different pressures tothe sedans / 
(b) steam supplied to the turbine is condensed in condenser. 77 OYA D (g) 
(c) a certain quantity of steam is continuously extracted from the turbine at an 

intermediate stage for process heating. ns aa C 

(d) none of the above “WA 

29. Inmixed-pressureturbine |, “») : r (4) 
(a) steam is supplied with different pressures to the different stages of turbine. 
(b) steam supplied to the turbine is not condensed in condenser, «: i 
(c) steam is extracted from turbine for co pa heating 

@ all of the shave HOM eet 
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1.(b) 2.@ 30 4@ 5, 6 (b). 7.(c), & (a) 9, 
H.@ 12@) 13.@)14(@ 18.0) 16. 17.) 18) 19°C) x 
21. (b) 22.(b) 23. (c) 24," ) 25 .\(b) 26, ne 27.(a) 28; © 29,(a)im off Bl 
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7.1 Introduction 

7.2 Types of condensers 

7.3 Jet condensers 
7.3.1 Low level-parallel flow jet condenser 
7.3.2 Low level-counter flow jet condenser 
7.3.3 High level jet condenser 
7.3.4 Ejector condenser 
7.3.5 Advantages and disadvantages of j jet condensers 

7.4 Surface condensers | ut 
7.4.1 Double pass surface:condenser / { 
7.4.2 Down flow surface condenser 
7.4.3 Central flow surface condenser 
7.4.4 Evaporative condenser < 
7.4.5 Advantages and disadvantages of SH condensers’ ~’ 
7.4.6 Comparison between jet and surface condensers °*~"* 
7.4.7 Requirements of a good surfacé condenser 


/ 


7.5 Sources of air in condenser... 963 VX 2 

7.6 Effects of air leakage ; “ganab “ 
7.7 Methods of obtaining maximum vacuum. in condense Sh aov i 

7.8 Edward air pump . if i 


7.9 Dalton’s law of partial pressure 

7.10 Vacuum and condenser efficiency 

7.11 Mass of cooling water required for poe uF steam 

7.12 Necessity of cooling ponds and cooling towers ; 

7.13 Condenser water cooling systems ann ue 

7.14 Types of cooling towers Vaid Fstunain aimeitaeintl 
7.14.1 Natural draught cooling towers i 
7.14.2.Forced draught cooling tower: **\'*: 
7.14.3 Induced draught counter flow tower... 
7.14.4 Induced draught cross-flow Tower 
7.14.5 Comparison between natural and mechanical draught cooling tower 

7.15 Cooling ponds ; , , aiuesmieren brut if) 


7.1 Introduction seanitloat ier gah pie» 


Condenser is a heat exchanger wherein steam is condensed either in direct contact 
with cooling water or indirect contact with cooling water through a heat transfer medium 


, ML PPE16_22 
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Separating them. A steam condenser has the following two objects: : 
(1) The main objectis to creates a low back pressure (vacuum) for thgJurhine exhaust 
so as to obtain the maximum possible energy from steam and thus to secure a high 
efficiency. ce ? 
(2) The secondary object is to condense the exhaust steam from 


recover the high-quality feedwater for reuse in the cycle. 
Fig.7.1 shows p-v diagram of steam turbine with and without condenser. The'shaded | 


area in Fig. 7.1 shows the increase in work obtained by fitting acondenser to a Laalieane new 
steam turbine. The thermal efficiency of a condensing unit therefore is higher than that of non- 
Condensing unit for the same available steam. : rm 


the turbine andthus - 


P . 
sy Ve ’ 
& :: inlet 
Boiler P, Work without yf, 
pressure condenser 
Additional work 
due to condenser 
Patm| ° 
Condenser. P, Turbine 
pressure . outlet. . 
v 


t Fig. 7.1 Use of condenser 
¢ Advantages of condenser : eae : ‘! 

(1) Itincreases work done per kg of steam due to increasing expansion ratio of steam. 

(2) Itincreases thermal efficiency of the plant, hence the power plant size reduces for 
given output. ae. St de 1 a 

(3) The condensed steam provides a source of good pure feed-water to.the boiler and 
reduces the water softening plant capacity to aconsiderable extent. * 

(4) The temperature of condensate is higher than that of fresh water. Therefore the 
amount of heat supplied per kg of steam is reduced. . - 

(5) Itreduces corrosion of boiler tubes. 


¢ Elements of steam condensing plant : due Ba si 


The arrangement of steam condensing plant is shown in Fig. 7.2. The different components 
of steam condensing plant are given below : : : 


(1) Condenser, "(2) Supply of cooling water, 

(3) Condenser cooling water pump, _.. 4) Condensate extraction pump, i 
(5) Hot-well, (6) Boiler feed pump, 

(7) Air extraction pump, (8) Cooling tower, 

(9) Make up water pump. i j 


Scanned with CamScanner 


Beanscame 


Condensers and Cooling Towers 


Steam) sip eeay mieste gst wood gi yoni) Lousig 
turbine, i 


Boiler 


Feed 
water 


Air 
extraction 
pump 


Condensate 
extraction 
pump 


‘Condenser cooling wll stor 
by unqWater pump 


‘Water source 


Hot well i 


Fig. 72 Steam, condensing a 
[Dec. 713] 


. ih 
7.2 Types of condensers : Ry ries ale Hest Dy: fallel tise 


The two main types of condensers are sales: 
(1) Jetcondensers _ 
(2) Surface condensers: 


Injet condensers, the exhaust'steam adit ore g water are cae with each other and 


the heat transfer from steam to water is by direct. contact.” 2eba0D 


Insurface condensers, the exhaust steam and éoélin ig water ast fidt mix with each other, 
the water being circulated through a nest of tubes and the exhaust steam flows across the 
tubes, the heat transfer is through tubes. A surface condenser is mostcommonly used because 


the condensate obtained is not thrown as.a waste but returned to the boiler. 
} 


7.3 Jet condensers -_ f | pie 


The jet condensers may be’ cities classified on the basis of the direétion of flow of the 


condensate and the arrangement of the tubing system, into the following types: 


(1) Low level jet condensers Hf volt wainnofoval Wolfe 


(a) Parallel flow type, (b)Counte flow ype sb ialtin Gineiaabdicatt 
(2) High level jet condensers. , ...;; ' eheretien ates ; 
(3) Ejector jet condensers, v6). 99)) }., gor.) dal pe Ae 
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7.3.1 Low level-parallel flow jet condenser 


A low level parallel flow type jet condenser is show 


ye Power Plant Engineering 


nin Fig. 7.3, sucha condenser is 


i i ind 
placed directly below the steam engine or turbine. In this condenser, the me oe ae 
cooling water enter at the top of the condenser and flow downwards in parallel. or a 
steam is condensed when it mixes up with water. The condensate, cooling water and air 


downwards and are removed by two separate pumps known as condensate extraction pump 


and air pump. The condensate extraction pump delivers the condensate to the hot well, from 
gh an over flow pipe- The air pump 


where surplus water flows to the cooling water tank throu; 
is used to maintain vacuum in condenser. 


No separate cooling water pump is required to suppl 


y the cooling water in this type of 


condenser because the vacuum inside condenser if sufficient to draw the cooling water from 


the cooling water ponds provided the height of the condenser 


‘Exhaust steam from turbine 


al Si 


more than 10 meters:'  -''\2 t 


Water sprays 


i 22°"! Perforated 
trays 


To air pump 


Condensate 
tlic ; )pextraction pump 


uvysFeed water 
to boiler 
\ | Over flow. pipe vi 


Hot well — 


7.3.2 Low level-counter flow jet condenser 


The arrangement of low level counter flow jet condenser is shown in Fig. 7.4 


“Cooling water 


Condenser 
» shell ¥3 


Condensate 
and coolant 


} 


Fig: 7.3: Low level parallel flow’ jet condenser 


top from the water surface is not 


" 


‘Cooling water 


jybi 


In this type 


of condenser, the exhaust steam enters at the bottom, flows upwards and meets the dowricoming 
cooling water. The air pump is placed at the top of the condenser shell. The exhaust steamis P 
condensed when it mixes up with water. Other arrangements are similar to parallel flow jet 


condenser. 
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To air pump 


Heaney TLE 


Cooling water 


-_ 
eS 
ak 


Water sprays 


Perforated 
trays 


[eee eae, 


Exhaust steam — 
from turbine . 


Condensate 
and coolant. 


Condensate Sane 
extraction pump ; s 5 


Feed water 
to boiler 


Hot well e J | 
» Fig..7.4 Low level counter flow jet condenser 

The low level counter flow jet condenser is more efficient than parallel flow because the 
hottest steam comes in contact with the hottest water. Therefore,as steam'goes more and 
more up, itcomes into contact with more and more colder condensate and that enhances the 
steamcondensation. ‘| a eeetimmareann Stal mn a oie ‘ 


HEALY } 


7.3.3 High level jet condenser 4 LA Tis ett 


The arran gement of hi gh level jet condenser is shown in Fig. 7.5. This type of condenser 
is also called barometric jet condenser since it is placed above the atmospheric pressure 
equivalent to 10.33 m of water. : yecrobnno Tora sR 

High level jet condenser is provided at a high level with along vertical tail pipe of length 
10.34 m above the hot well. The exhaust steam enters at thé bottom, flows upwards and 
meets the downcoming cooling water in the same way as that of low level jet condenser. The 
condensate and cooling water mixture is automatically drawn away by gravity without the use 

of any extraction pump due to existence of the barometric leg (tail pipe). ; mai 
A separate pump is needed in this condenser for supplying cooling water to the condenser 
because ofthe height ofthe shell, hihi : sebbtabincse dust 
‘Advantage of this condenser is that the water from the hot well will notbe able to rise into 
the condenser and flood the turbine. In alow level jet condenser, if the condensate extraction 
pump fails, the turbine will be flooded with water from the hotwell. We sites s OAy 
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To air pump 


Cooling water 


Water sprays Condenser 


shell 


Perforated 
mays Condensate 


Exhaust steam and coolant 


from turbine 


Cooling water 
circulating pump 
oor Feed-water 


ty yop ito boiler. 5 p25. - oi ty) 4 aa Se 
oe esoninslh® ROUCIng sinen Cooling water 


Over flow 
pipe 


Hot well 
sues wise eae Fi ig. 75 High level jet condenser, , fy 
7.3.4 Ejector condenser ¢ Tom ff} 

Ejector condenser is a jet type condenser in which mixing of cooling water and steam 
takes place in a series of combining cones and the kinetic ene: 


y rgy of the steam is ex to 
drain off the condensate and cooling water from the conden ner 


condenser is shown in Fig. 7.6. sae ai nen ofgigetar 
In this condenser, cooling water is forced through a series of cones and gets mixed with 

steam coming through ports. As the cooling water flows through the series of nozzl it i 

more and more pressure drop and at the same time its velocity gradually increases a ‘ai 


pressure drop, more and more steam is drawn through the inti 
re no orts, ixed wi 
the cooling water jet and condenses thereafter. Bere menaisly nea wt 
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Cooling water 


Non-return valve?!) 4 
.. Exhaust steam 


from turbine ot Be : 


Cooling water nozzle. 
yhous IT yo is * 


Condensate 
and: coolant 


Fig. 7.6 Ejector bstiads | 


Anonretum valve is provided on ‘the steam: inletline to opreyent the backflow of Condensate 
incase of Suilie of the cooling water smpely 


required for surface condenser. ~~ 
(2) They are simplei in design and low in capital c Cos! 
(3) They require less floor space. 
(4) Lower maintenance cost. 
'(5) Heat transfer from steam to water is more effective due to direct contact. a 
* Disadvantages : verebuoy vishuic any shined 4 ‘ 
, (1) The condensate cannot ie Hiretly used as feed atid cooling water is not pure. 
(2) The} power required to run the air pump is higher. ..., aspvon auch cot 
_ G),1f condensate is to be used, the cooling water should be clean and pure so thati it can 


saat e ata 


be used directly in the boiler. 
+, {4), Vacuum in jet condenser seldom exceeds 650 mm of Hg sie to likertion of Lace 
gases in the cooling water, ; 


(5) The system requires Jarge lengths of piping, therefore, the piping cc cost is high. 
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7.4 Surface condensers e in direct contact so that 


ot com 

In surface condenser, the cooling water and steam ee be used directly as feed water, 
the condensate obtained is free from any impunite™ slants and ships. 
Surface condensers are largely used in steam power P 

The surface condensers are further classified 2s « Ss: 
(a) According to number of cooling water passes * | 
(i) single pass, (ii) multi pass. : 
(b) According to direction of. condensate flow : 


ie lenser. 
(i) down flow condenser, (ii) central flow co d 


7.4.1 Double pass surface condenser sain, 7°7.lhconsists 
The arrangement of the double-pass surface condenser is ae 1 ener ‘ is ; of 
acast iron air-tight cylindrical shell closed at eachend. A number 0 w latin Ixsxtin 
the tube plates which are located between each cover head and shell. Circulating pump isused 
to circulate the cooling water in condenser tubes. } 

Exhaust steam 


from turbine’ Condenser shell 


Water tubes 


na Cooling 
“water out 


Water box 


Cooling 
water in 


ol ils Condensate, . 


- Fig. 7.7 Double pass surface condenser 
Cooling water enters from bottom, flows throu: 


top, thus flowing through the entire length of the condenser twi 
ice, ‘ 
and is constantly being removed by condensate py 
Airis continuously removed froma tian mp. 
removed by steam jet air ejectors instead of air es 
These condensers may be of down flow drei a 
© How type 
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7.4.2. Down flow surface condenser 

The cross-section of down flow surface con! 
Exhaust steam, 

from turbine ,, ; 


denser is shown in Fig. 7.8. 


Condenser tubes 


To air extraction pump 

Air cooling | 

section 
Condensate « < . 


i ~~ "Fig, 7.8 Down flow surface condenser aMseie Jak 
The working principle of this condenser is similar to double pass surface condenser. A 
section of tubes near the air pump suction is screened off by providing a baffle. The number of 
tubes used in this section per unit area are more compared with other part of the condenser. 
The extensive cooling of air in this section increases the density of air, going out and reduces the 
capacity of air pump required by-as much as 50%. yt 
7.4.3 Central flow surface condenser ea 


___.. Exhaust steam__. 
ey \ from turbine 


Condenser tubes 


‘Air cooling ©” 
section 


Fig. 7.9 Central flow condenser 
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° Fig. 7.9. The centre of 
The cross-section of central flow surface condenser is shown peal ounce 
this condensers located the suction of an airextraction pump sO esto tubes through 
radially inward and comes in better contact with the outer surface o! " e Hon per unit area are 
which the cooling water flows. The number of tubes used in centra ae Paes coslite 
more compared with other part of the condenser. This central nest of tubes Pp! 
of air similarly as incase of down flow surface condenser. 
7.4.4 Evaporative condenser 
Inevaporative condenser, condenser s I \ ; ii 
condenser tubes and over these tubes the water 1s sprayed while the i pas 
outside the tubes. The arrangement of this condenser is shown in Fig. 7.10. 


Air to atmosphere 


hell is not provided. The steam passes through 
1 s upwards 


Induced draught fans 


Eliminators 


Exhaust steam 
from turbine , Condenser coil 


Condensate 


pas -Air:louvers +: 
Air in.—*> S <— Air in 


Cooling pond = ye, ae ae 
Fig. 7.10 Evaporative condenser \\ 


: Water is sprayed through the nozzles over the pipe carrying exhaust steam and forms a 
thin film overt. Atthe same time, a current of aircirculates with the help of induced draft fan. 
* causing rapid evaporation of some of the cooling 1e lat : 


water. The latent heat required for the 
evaporation of water vapour is taken from the water film formed ¢ : 


formed on the condenser coil and 
drops the temperature of water film and this helps for heat trat viet 
nsfer fi 
i ir ROO ster from the steam to the water. 


ces the cooling water requirement of th 
. . . . . . c conde: 
The steam circulating inside the pipe is condensed due to he: ena 


‘ ; onset at transfer from 
water. The condensate is extracted with the help of condensate pump. The cate : ‘ 
carried with air due to high velocity of air are removed with the help of eliminator. = 

This condenser needs very small amount of circulating water and the —_ up water 
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since the coolant is used again and again. These type of conden 
where acitte shortage of ee ig water any However these condensers are ar suitable for 
small power plant. 
° Advantages :_ = 
1) Itissimplein design and chea in first cost. 3 
= Itdoes - recite ies ae of cooling water, therefore, needs a smal canes 
cooling water pump. val ; : 

(3) Its operating cost is less. ; : i: tiripi sinh 
© Disadvantages : : ; 

(1) The vacuum thaintained? in this cone! is less. ’ 

(2), The work done per kg of steam is less with this condenser due.to less, yacuum. 

(3) Itis not suitable for medium and large powerplants... é 


7.4.5 Advantages and disadvantages of surface candiensens > oi 


© Advantages : iy 
(1) | Itincreases the thermal efficiency ant cut of the pant Bevin high vacuum m (about 
73.5 cm of Hg) can be obtained. : i nd by 
(2) The condensate can be reused as boiler feed- ‘water., ‘ 
1. G) Auxiliary power requirement is less than that of ajet condenser. 
(4) Less amountof air is carried to the boiler, . ' 5 
(5) Any kind of feed water can be used. 2 " 
(6) Itcan develop high vacuum, therefore, these are enue for large capacity power 
plants. ; : : 
* Disadvantages : é slop ahi 
(1) Itis very bulky and as such requires more floor space: igal tes 
»!(2) Its manufacturing, running and mainteriance costs are hi igh 
(3) Itrequires large quantity of cooling waters »"*\ 


7.4.6 Comparison between jet and surface condensers ; |’ aide : [Dec. 713] 


Jet condensers Surface condensers 


1, Cooling water and steam come in direct aul. Cooling water and steam do not come : 


contact. : : ‘ culyeres! indirect contact. 
2. . Condensation of steam is duc to heat 2. Condensation of steam i is due to heat 
"transfer by mixing of steam with water,” transfer by stéam to water through tubes. 
3. More suitable for low capacity plants. 3. More suitable for high Capacity plants. 
4, ‘Condensate is not used as boiler feed | -., 4, Condensate is mena used as boiler, 
water until the treated cooling wateris |<... feed water. 


» | usedas coolant. ness by > fo 
5, Vacuum created is upto 600 mm of Hg. 


wm 


- Vacuum created is so 730 mm of Hg. 
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6. Itsmaintenance cost is low. 6. Its mainte ngpl 
7. The condensing plantis economical 7. The content ee 
and simple. ci quired for air pump. 


8. More power is required for air pump. 8. Less power is te 


7.4.7 Requirements of a good surface condenser a 
ghout the heat tran sfer 


(1) There should be uniform distribution of exhaust steam throu; 
surface of the condenser. 
(2) There should not be sub-cooling of condensate. 
(3) There should not be any leakage of air into the condenser. 
4) There should not be any tube leakage. Se ‘ . 
3 The heat transfer suiface! incontact with cooling water must | be free from Any deposit 
as scaling reduces the efficiency of heat exchangers. 


nance cost is high. 
ant is costly and 


7.5 Sources of air in condenser 


The sources of air in condenser are as follows : ; < 

(1) The boiler feed water contaitis dissolved dir. From the boiler itis ‘carried off by steam 
and to the turbine and finally to the condenser. Jo 

(2) The air leaks through the joints, packirigs and glands into the condenser where the 
pressure is below the atmospheric pressure. cle can be reduced ‘by proper 
workmanship while making the joints. “” B " r 

(3) Air dissolved with cooling water is carried in case of j jet condensers. 

Normally the quantity of air leakagé in’surface condenser is 0.05% of steam condensed. 


7.6 Effects of air leakage 


The effects of air leakage in a condenser are given below : ! 

(1) Itincreases the back pressure on the turbine with rics effect that there is Jn enthalpy 
drop and low thermal efficiency of the plant.\:\;:..;) «:); 

(2) The pressure of air in the condenser lowers the partial pressure of steam which means 
steam will condense ata lower temperature and that will 1 require greater amount tof 
cooling water. 

(3) It reduces the rate of condensation of steam, because air having poor- thermal 
conductivity reduces the overall heat transfer from the steam air mixture. 

(4) The presence of air in the condenserincreases the corrosive action. « 


Seance tek » Dee. 13] 
je met to obtain maximum vacuum in condensers are disc! 

(1) Air pump : Air pump are used to extract the air and other — aa’ 
the condenser to maintain a desired vacuum. They are usually classified as le EASES from 


(a) Wet air pump : It removes a mixture of pane 
an ai 
shiscs! niin r with other non- -condensable 


wild ¢ 


7.7 Methods of obtaining maximum vacuum in condenser 
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Dry air pump :Itremoves the air and other non-condensable gases only. ; sare 
. es tsbeactniié increasingly common to have separate pumps for extracting the airand 


water from a condenser. : : ‘ 
(2) Steam jet air ejector : It is used to remove alr from condenser when a wet pump (al so 
called extraction pump) is employed. The working principle of steam jet air ejectoris shown in 
"Fig. 7.11. It consists of convergent-divergent nozzle and a diffuser: 


t Pipe Diffuser 


Air from 5 
condenser =! i 


«Fig. 7,11 Steam jet;air ejector 

The steam at a high pressure enters at ‘a’ and feeds directly the nozzle. The steam 
expands in the nozzle and leaves the nozzle at ‘b’ with high velocity and a small pressure 
depending on the vacuum in the condenser. Pipe ‘c’ is connected to the condenser from where 
the air along with small amount of vapour forces it to mix with the low pressure steam at ‘b’. 
The mixture of steam and air moves forward into the diffuser ‘a’ where the kinetic energy of 
the mixture is converted into pressure energy and it leaves the diffuser, , 

In the case of ejectors used for steam power plants where a high vacuum pressure is 
maintained in the condenser, it is necessary to use two, or perhaps thiee ejectors'in series to 
obtain maximum vacuum. : { a ie 

The steam jet air ejectors are simple in construction, cheap, highly efficient and no 
moving parts in it. eee : 

(3) De-aerated feed water : The deaeration is the process of removal of non condensable 

gases from feed water. Ithelps both in maintaining better vacuum in the condenser and controlling 

corrosion of the steel shell and piping of the steam power plant. ; 

(4) Air tight joints : The air leaks through the joints, packings and glands into the ‘condenser. 
This can be reduced by proper workmanship while making the joints and these are maintained 
as such by proper inspection from time to time: 1 : ‘ i A 


7.8 Edward air pump 


The Edward air pump is used to remove the air and condensate from the condenser, 
It is a wet air pump of the reciprocating type, ; 
The Edward’s air pump consists of a piston which has a conical head as shown in Fi 
7.12. The bottom of the pump casing is also of conical shape in order that Piston headc 
easily seated. The piston slides inside the barrel having acoyer which has a number of dairy 


‘ 
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valves. On the down stroke of the piston a partial vacuu ee 
valves are closed and sealed by water. When the piston uncovers the 

i from the condenser rush aes space above the piston. As the piston further a so 
the conical part displaces the condensate which has collected in the bottom ig ate 
pump during upward stroke of piston and forces it to flow into the upper portion ae lid 
ports ‘B’. Now when the piston moves upward it raises the pressure slightly over = 
atmospheric and delivery valve gets opened and allows air and condensate to shi os ie 
flow finally to hot well. The relief valve provided at the base of cylinder is used to rele 
pressure if due to some reasons the pressure below the piston exceed the atmospheric pressure. 

The special features of Edward’s air pump is the absence of 


mis produced abo 


suction valve and bucket ' 
valve, which are necessary in the ordinary reciprocating type air pumps. 
: Piston rod , 


pew Ly Condensate and 


“Delivery ~* | air to hot well 


5}; Condensate —> 
_ and air 


fo lyon Fig. 7.12. Edward air pump): >) 9) G3. + be 


eh 


7.9 Dalton’s law of partial pressure * 


Itstates “The pressure of the mixture of air and steam is equal to Sialaian of the 
pressures which each constituent would exert, if it occupied the same space by, itself.” 
Mathematically, pressure in the condenser containing mixture of air and steam eh 

alrand at 


vd de 
Pe = Pat Ps : er 
ink ie be 7b e. 


where, .p, =pressure in condenser, — + 
Pq = partial pressure of air, and ANC YH inact aie Gus oa 
Py =partial pressure of steam. 


Inmost of : na Mis a ‘tate. 
the cases, we are required to find partial pressure Of ait, therefore Daltor’s 


1 
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law may also be used as : ~~ asi gtilogs To suisredenay telat a] 


” get He aS GE IE STL at i ; 
Note : For more information about partial pressure refer book ‘Engineering 
Thermodynamics’ by the same authors.’ ifti Ue 
7.10 Vacuum and condenser efficiency 


-aerul) ner} boukepet wade srittixrirs® , 
canbe crs a WS eee ps 3 milous te 


* Vacuum efficiency :” 
The minimum absolute pressure at the steam irilet of a.condenser is the saturation 
pressure corresponding to the temperature of the condensed steam: The corresponding vacuum 
is called ideal vacuum. The ideal vacuum is the maximum vacuum that can be obtainedina 
condensing plant, with no air present at that temperature. The actual pressure in the condenser 
is greater than the ideal pressure by an amount equal to the pressure of air present in the 
condenser. The ratio of the actual-vacuum to, the;ideal-vacuum is.known as vacuum 


efficiency. - : nizastietan its 
Ideal vacuum possible without air leakage = ( Pp — Ps ) 
Actual vacuum existing in condénser due to air leakage’ ’ 


= By Bg = By — (pgp naw e segs 
mina vd jolt 
-( + ) = 
.. Vacuumefficiency, 1, = CE (2-0 
Pp ~ Ps Pp Ps I 
dl : gaia unloogve | 


where p, = saturation pressure of steam corresponding to the steam temperature 


entering into the condenser. 
Miele gh 20! ie sti 3g 


nse vd oliegh <auniw aniloos vd banivea ised sorsind 
PD, =Total pressure of the air and steam in the condenser (p, + p,). 
= x thon Shp in t.YV- : 3 
P, =atmospheric or barometric pressure. 
The leakage of air and insufficient quantity of cooling water decreases the vacuum 
efficiency of the condenser. é , 
* Condenser efficiency : 


. “The condenser efficiency is defined as the ratio of actual rise in the temperature 
of cooling water to.the maximum. possible ,rise in temperature of cooling water. 
Mathematically, 
7" Actual rise in the temperature of cooling water 

¢ “Inlet temperature of steam— Inlet temperature of cooling water 
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where 7. = Outlet temperature of cooling water, 


T; =Inlettemperature of cooling water, ; are pressure Ha 
T, = Saturation temperature of steam corresponding © actual abs ; 


the condenser. itt 


7.11 Mass of cooling water required for condensatic 
ited sie ones to conden 


on n of steam 
se a given amount of 

The mass of cooling waterrequ Bi cam 

steam is calculated as follows : 


Let = Mass of cooling water, 


m, = Mass of steam condensed a e, ental 
‘h=Total heat of steam entering the condenser,\!1"1i 2) °° 


\ 


h 'f, = Total heat in condensate, 
{ ‘ Zigol tis i) 


T, =Inlet temperature of circulating water, and... 

T,, = Outlet temperature of circulating water.) — 9 = 4 

We know that heat lost by steam om [a t 
= a oe 1 | 
m,(h-h a ) ? X 

Heat gained by cooling water _ . gts | 
| 

| 


=myCy (Ty “hy 5, 


10 eTuaeain 


Solution : Given data 
=36°C, condenser v vacuum = 70 cm of Hg = 0 7 m of Hg. 
Barometer reading = 75.5 cm of Hg= 0.755 m of Hg., 0, 


From steam tables, saturation pressure of steam at 36° 


Cc. 
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P; = 0.0595 bar, and Vg = 23.94 m /kg. Bi= 3" sun, 
Standard atmospheric pressure = 76 cm of Hg=1.013 bar... seifts 
5 en Lye eee 
0.0595 x10 f ity : \ 
= = UMA At — = 0.04459 m of Hg: = 4.459 cm of Hg. 
Ps = 0.0595 bar = 73 6<1000x9.81 oars 


Absolute pressure in condenser, Pg i_ 
= Barometer reading —condenser vacuum » ‘a 


= 75.5 —70 = 5.5 cm of Hg. 


Vacuum corrected to the standard barometer readin g: : 
= Standard barometer reading — Absolute j préssuréi in cosets 


= 76 —5.5 = 70.5 cm of Hg. , o ydiolnv lo 


We know that ideal vacuum 
= Standard barometer reading — Ideal pressure (saturation Pressure: of steam) 


= 76 - 4.459 = 71,541 cm of Hg. Le 
‘ Actual vacuum - = 70.5. 
.. Vacuum efficiency, 1, = ; vata 
re Os Ideal vacuum APESAL seo 


=0.9854= 98.54% Sug cols | Ans 


Partial pressure of air, py = Pe — Ps 
> =5.5- 47459 = 1.041 cm of He 
=1,041x10-? x13. 6x1000x9.81 Nim? 


* =0.01389 bar 
2. Mass of air associated with 1 kg of steam, 


m= PAY 0.01389%10° x23.94 
“iV OORT. = 287K (273 £36); 82 = 3 uilgd 08 


= 0.3749 kg of air/kg of steam. . ‘ < Ans 


Solution : Given data 
x=0.9, py =0.13 bar, Ty =45°C, T, =30°C, T, = 40°C, my /m, =, Ne =? 


‘ From steam tables, at 0.13 bar saturation pressure (9 00 pyyye ey 


T, =51°C, hy = 213-7 ki/kg, hyp =2380.2 ki/kg, its 
| PPEI6.23 a . . 
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and at 45°C temperature, hy = 188.4 kl/kg 
*  Enthalpy of steam entering to the condenser, aie 
a — B 80.2 . ied aM) 
h=hy + xhp, = 213.7 + 0.9% 238 
= 2355.88 kJ/kg. & ashites or Sisloe 
By energy balance, ) ‘sie ; 
my, cy (T, -T,)=m,(h—hp ) ; ! : ' - : ; ‘i ; ae a “3 a 
_m, Php _ 2355.88-188.4. ri" Fi 
“im, Gy (Ty — 7). 4,182(40 — 30) ( = 
Vo 9 2.0 ns 
= 51.828 kg of water/kg of steam. a chwenia 
: - 
(03) T, vii _ 40-30, ht eribey i Kisot c Ose 
Condenser efficiency, 1 “ee = 31-30 lorie LB2,LT = RYies 
.4762 = 47.62% Ans | Ww 
wi 
Solution : Given data , Loa baee ie "T3and June "1, , 7 marks] 
T, =36°C , T,, = 30°C, condenser vacuum = = Poem ofp, Burometereadng= “Teemot 
| es 
Hg, m pala ign = 12x 60 kp T= 23°C} T, =32°.C3 my =38 ,000 kg/h, my = (iii 
T*=2, n, = 2, n= at is of BAT . We 
(i) Mass of air present per cubic metre of condenser (v a 3), x % - | | & 
From steam tables at 36°C , P,=0.0595 bar Ste Oe ei e 
Absolute pressure inside the condenser, Pe , “ 
= Barometer reading —condenser vacuum SInb sy FO woe 
=76—70=6.cm of Hg GE = FE “5% ? 
H “4 a5 ET O = oie 4 
2 ~2 1 Os Gg Oe: bs 
6x10) Ala Gx1000%8, 81= 8004, 96 Nim? Wu £ , Hi I iRote mo 
= 0.08 bar nd 4 : COLOR MBE (TiC 
wo AAV Fe : 
SS 48 D525 | 
ed j 


: SS_OFass 
a ||) 
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+. Partial pressure of air, p, = Pp — Ps ’ cf 
f Oe 0.0595'= 0.0205 bar. = 


Pv _'0.0205x10° x1 


*. Mass af air present, My “RT ~ 287 (273+ 36), 


=,0,0231 kg/m? 4....¢hyoatss ri 78.5% Ans, 
(it) Quality of steam at condenser inlet, wns . ‘ 
Let. z= Dryness fraction (quality) of steam at condenser inlets 


From steam tables, corresponding to temperature of 36°C 
hy = 150.9 kJ/kg, hip = 2416.2 kI/kg, 

and corresponding to a hot-well temperature of 30° Coy, and 20,0 
hg = 125.8kilkg. 


We nen that total heat of entering steam, 
h= hy + xh fy = 150.9 + xx 2416.2 


OM eng 00 = vn bagose tS 


PSR 


We also know that mass of cooling water (7i;"," 


, 


a _ meh 
He Cy, ~T;) 


12x 60[150.9 +x 2416,2-125.8] 


J ©. 38000 = ———— leeaaleaee : 

% = \"4 18(32— 23) : 

x = 0.812 ail AUS: Skuse nest vice skier arin AUER 
5 (iii) Vacuum efficiency 


| 


We know that conte penuing toa condensation temperature of 36°C, 


-0.0595x10° 
13.6x1000x9.81 
= 0.0446 m of Hg = 4.46 emofHg « 
“. Ideal vacuum = Barometer reading — Ideal pressure, 
=76-4.46=71. 54 cm of Hg 


Actual vacuum _ 70 


«. Vacuumefficiency, Ny = Soe Ta =0.9784' 


6 Ideal pressure of steam = 0.0595 bar = 


= 9784 % a ls wshaaty ia) 


1O Sieg Ie 
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(iv) Condenser efficiency, : aig to wee ; 

Ans | 

1. = T,~T; _ 32-23 _ 9.6993 = 69.23% 
C362 4 su 

; 


Solution : Given data 


m, = 13600 kg/h, p = 0.09 bat, x= 0.85, 7; 236°C ,'m, 27.26 ke/h, 


\ 


Q=3.97 kI/cm’ per second, N = 60 rpm, L/D = 1. 25, » Mol = = 0. 85, surface area = =?, 7 
D=? : 
From steam tables, at 0.09 bar pressure PAE SE LUGS See os ae 


hp = 183.3 kI/kg, yy =2397.7 kI/kg Hoagie 


and heat of condensate at 36°C, 


hp = 150.9 ki/kg, 
We know that total heat of entering steam, : fas wt f 
h= hy + xhy =183.3+0.85x 2397.7 = 2221, 345 kg = 


Heat extracted per second from steam = m, (h-h if, ) 


_ 13600 
wigs 221:345 #1509} onooied) words) 
“= 7821.68 kis ey 
(i) The surface required in cm? iat “50 S0C0.G-Srapele to suzesty (SDE + 
_ Heat extracted per:sécond froin Steam io ayo i0.6 


Heat transfer rate i in kI/s per cm2 aaa Tal sitere€h = musts 


_ 7821.68 iy as sieebe.« 
397 7 1970196em? io 


(ii ). Cylinder diameter of pump, 


= Ans 


From steam tables, partial pressure of steam at 36°C 
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Ps = 0.0595 bar 


«. Partial pressure of air, Pg = Pc ~ Ps 


Using characteristic gas equation, 
Pq¥ =MgRT bOV: 


+ 010308108 xV = a 
3600 


-V = 0.0586m? /s 


Vinm'/s 0.0586 _ 


Capacity of air pump/s =, 
are : Nol 


Capacity of the pump per stroke = 


Also, xd? x L = 0.0689 


. td? x1.25xd = 0.0689 


aa 
0.0689x4 - 
m™X1.25 


id= 


1080.85 J 4 


Capacity invm?: Is 0. 0689," 


=0.09-0.0595 y ON 
_,= 0.0305 bar, way oes 


» rerett OBO = mitinye » terasber 


a OES 3 EOF 


all te mun ovo 


wanna i 


LEE LMAO = 


d= 0.4125 m=41.25em. 


rpm/60. af). 60/60 ; 


=0. 07018 


0.0689 m 


seTiolarsome 
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Solution : Given d 
01 tution : Given data : 
Condenser vacuum = 680 mm of Hg, Barometer reading = =764 et igh 1250 kg/min | 
T, =36.2°C, 7, =30°C, m, = 1780 kg/h, Ty = = 20°C, T, = 32°C, My = ‘| ‘ 


( i) Condenser vacuum corrected to standard barometer | 
= standard barometric pressure — (barometric pressure — 
= 760 — (764 — 680) = 676 mm of Hg. 


gauge pressure) 


Bul euneh Sige Lape 3 bar era vni > 2s a tinea ( 


676 mm of Hg = 676x1. 333x103. = 0: 011 bar.” 
(ii) Vacuum efficiency 
From steam tables, at 36:2°C temperature!) isch) foila ted Ginue; SOL T9 WIEIE" 
saturation pressure,’ p, =0.06 bar 
Ideal vacuum = Barometer reading — Ideal pressure 


= 764X1.333x107 —0.06 _ 
= 0.9584 bar : . af 


yO eee re ty 


Actual vacuum _ 680Xx1 3333 x 108 


~, Vacuumefficiency, y ~“Taea1 vacuum “0.9584 22800. | 

= 0.9458 =94.58 % E5153 _ Ans | 

( iii) Under cooling of condensate : i Pe Mt C P= 
D -. = condensate temperature -- —Hot well temperature a | 

= 36.2-30=6.2°C \ Ans | 

(iv) Condition of steam at inlet of condenser | 

Absolute condenser pressure = Barometric pressure — ar avletinen pressure 


= Sadie 680 = 84 mm of Hg. 


=84x1 333x107 = = 0.1119 bar | 
From steam tables, at 0.1119 bar pressure, 


hg = 199.7 kI/kg, hy, = 2388.3 kI/kg : 


| 


Enthalpy of condensate corresponding to hot well temperature of 30°C, h, = 125.8 klik: 
We know that total heat of entering steam, : 


h= hp +xhy, = 199.7 +x2388,3 
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We also know that mass of cooling water (711,,); 


1780 ‘ ws 
m,(h—hp) 1250 ($60) 099.7 + xx 2388.3 ~ 125.8) 


Ss 
mw oT 7)" 60 3 Hig hice aii 
“ x= 0.855 Ans 
(v) Condenser efficiency : ; 
From steam tables, saturation temperature corresponding to 0.1119 bar, T, = 47 7 
A ge et 
. Condenser efficiency, Ne = ~~ 47.7~20 = 0.4332 = 43.32 %) ». Ans 
9 Z s t 
(vi) Mass of air present per kg of steam Ae 5 
From steam tables, at mean condensate temperature of 36.2 C, 3 
specific volume of steam, ¥p =23.74m/kg 
.. Partial pressure of air, pg = Pc ~ Ps ; ag 
= 0.1119 - 0,06 = 0.0519 bar 
.. Mass of air present per kg of condensed steam, ' 
V 0.0519 10° x 23.74 Se cad 
= Pal _ ON = 1.3884 kg. phen x Ans 


m= = t 
RT 287 x (273 + 36.2) » 


Pada Aca baat 


Solution : Given data 


R = 287 Jkg°C, m, = 40,000 kg/h, T, = 40°C, x= 0.85, my = 140 kg/h, T;, = 35°C, 
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: a — 
-T.)= Cc 
Temperature of air =32°C, Barometer reading = 76 cm of Hg, (T, -7;) = 12 


Vacuum gauge reading = ?, Air pump capacity =?, m,.= ? 


| 

(i) Vacuum gauge reading in condenser, : | 
Total pressure in the condenser is een by 

Pc = Ps + Pa rota | 


where p, at40 °C saturation temperature, from steam tables siciat 


p, =0.0738 bar, and Vg = 19.52 m/kg 
Volume of 40,000 kg of steam is given by 
V =40,000xxv, = 40,000x0.85X19.52., 9 a) 4 tp Yo sett 


= 663680 mh rteiy st 5 
The same volume is also occupied bind 140 kg of air, therefore, t the pressure of air in the 
condenser is given by 


RT 
ma RT _ 140x287x(273+40) _ jg see 
Vv 663680" pete = a4 
aay th i AG] saa 2 at i | 


Pg = 
ofa Lees 
“=18.95x107 bar a 

Pe =0.0738-+18.95% 10> = 0.07399 bar A 
-, Vacuum gauge reading in condenser = Std. Atmospheric pressure —* ren iis 

4 » = 1.0132 - 0.07399 = 0. ow bar - 
135, 10.9302“: ; 
1333x102 = geese of Hg. Ans 
(ii) Capacity of dry-air pump. ; 

From steam tables, partial pressure Of steam at sirpump suction is the saturation 

pressure of steam corresponding to 32°C, : 


Ps, =0.0476 bar 


.. Partial pressure of air, Pa, = Po ~ Ps, = 0.07399 —0.0476 


H = 0.02639 bar 
Volume of airat 32°C and 0, 02639 bar is given by , 


a MRT _ 140%287x (273 +32) 
Pa, 0.02639 10° 
“. Air pump capacity = 4643.766 m3/h > 


= 4643.766 mh 


Ans 
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(iii) Quantity of cooling water passed through condenser, : te 
From steam tables, at 40°C saturation on temperature : ae 4 


hp = 167.6 kI/kg, Ay, =2406.7 ki/kg _ 
We know that total heat entering steam, 
h= hy + xhg, = 167.6 + 0.85 x 2406.7 = 2213. 295 kI/kg 
Enthalpy of condensate corresponding to temperature of condensate = 35°C, 
h Lf, = 146.7 kJ/kg (from steam table) : 


We also know that mass of cooling water, 


_m(h-he) _ 40,000(2213.295- 146, 7), 


i se 
WG (Ei, eae ih leere 
= 1645640.229 kg/h a = 1645.64tonsh | Ans — 


Solution : Given data / 
T, =35°C, T, = 34°C, Ty =33°C, Mq = 5 kg/h, Vy =?, Vi =? a 
(i) Volume of air handled by the air pump per hour : ants : St ah ! 
From steam tables, at 35°C, (Pe. = 0.0563 bar.» tba Gee .6 
and pressure of steam at the air pump suction, corresponding to 33°C, Ps =! =0. 0503 bar 
As per Dalton’s law, pressure of air at the air pump suction 
Pq = Pe ~ Ps = 0.0563 = 0.0503 = 0.006 bar aon — 
= 0.00610" = = 600 Nim? 
We know that volume of air handled by the air pump, .; »; 


_mgRT, _ 5x287x(273+33) 


wit? = 13798 3A) ° 
yrs a = 731.85 m°/h 
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4 - $ is employed. ° 
“(ii) Volume of air handled when a combined air and condensate rote mG ft RAN 
From steam tables, corresponding to acondensate temperature fo) 


pressure of steam a Td Id 
Pp, = 0.0532 bar j distonientvund ow 
. Pressure of air, Pg = Pc ~ Ps = 0.0563 —0. 0532 =0. Saale 5 vel OA 
= 0.0031 x10° = =310 Nin? apiensbaoa to giltingt | 
We know that volume of air handled, — a oe 
, _mRT, _5x287x(273+34) Ae mien wonton ow | 
a = i it 4 pieee } 
a 310 | (i 
ais : Ans | 
© =1421.113 m3 ‘ 
(i 
Solution : Given data. . ‘ f a whee . 
Condenser vacuum = 70 cm of Hg, Banirtcied raathiee 76.5cm; T,, = 36°C, 1, = =29°C,_ 
= 1750 kg/h, T; = 15°C, T, =27°C, m, =76 tons/h = 76000 kg/h, m =1 kg/ton of | 
steam, N, =?, 1, =?,x=?, capacity of pump =? _ oe 
(i) Vacuum cides = , EES pease BER AY tre } 
Absolute pressure in condenser, PNG GatatY Ey oe iat a WV | V 
= Barometer reading ~condenser vacuum? *" *\. > !:!: s ' 
= 76.5 - 70 = 6.5 cm of Hg = 6.5X1.333x1072 bar! 2 eo bon | (Y 


1°3'0.08664'bar ') awevaty wale cotetl om pug 
From steam tables, partial pressure of steam at T, BELO = 4 ~ qs : 


0.0595 Wa 0 
P, =0.0595 bar = ° = 4.4636 cm of Hg, ssunhlii de 
1333x1072: Camilo tart word i | 


“. Partial pressure of air, p, = p, — p, (eC + OVS) RC xe VAs 
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F - = 0.08664 — 0.059355.) sists Sh yt ele Deol 


= 0.02714 bar 
“Ideal vacuum = “ Standard barometer reading — “Ideal vacuum 
=76— p, = 764.4636 = 71. 5364 cm of Hg. 


Actual vacuum = Standard barometer reading — (Barometer reading — condenser vacuum) 
= 76 — (76.5 — 70) = 69.5 cm of He... Sateatynnted AK Lo rae Ae 
Actual vacuum *_ 69.5 ; sats pe 


.. Vacuumefficiency, Ny = Tdeal Vacuum? " 71.5364 ° 


= 09715 =97.15% 


(ii) Condenser efficiency _ bea : ‘ 
From steam tables, corresponding to seen pressure ny Po = =0; 08664 bar, 


T, = 42.7°C 


.. Condenser efficiency, 1,.= 


(iii) Quality of sean entering 10, the ‘condenser, 
From steam tables at T,.336°C, we have 5% .. y 


= 150.9 kJ/kg, My = 2416.2 Kifkg, 


g = 23.94 mike 
and at apa temperatiire Th £399 G; we have? 
he '= 1216 kI/kg. bi 4 atibiia: 


|  Weknow that total heat entering steam 
| ; = = 
h=hp + xhg, =150.94xX 2416.2). oo oi dis te stuzeatg ininis 


We also know that mass of cooling water (mn. ns 


acs mg (hh) “coon _ L7S0(130.9 4 s59416.2- 121.6)" 
¢, (T, “nye edn» Ay186X (QT 15) port 
x = 0.8907 Ey ETE) TsexdeAed Ans 
(iv) Capacity of wet extraction pump, Vio, ; : 
1750 righ 
F =1x——=1,75 ASUMESO.ES « 
Airleakage, ™a = 17595 = 1.75 kph se 
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: 7 +m, = 1.75 +1750 7 Cor 
Total mass to be extracted by pump, ed mM, 2 1751. ae kel eee Tot 
‘i : | 
2 Vemxxy, =1751. 75x 0.8907 x 23.94 = hii | i 
= 37353. "192 m/h : €1 
Spi 
To 
Solution: Given om 
0, Etats 
m, =4500 kg/h, volume of injection water ¥,, = 330 m/h, Tj = 25°C, 0 en Vo 
Volume of airin injection water= 5% of 330 min : } 
‘mass of air entering with steam = 1 kg/3300 kg of steam. 
Condenser vacuum = 680 mm of Hg, Barometer reading = = 760 mm of = 


Condensate temperature, T, =35°C, "ho = 85%, ee ey = 
Absolute pressure in aisani if 2, = lt 
= Barometer reading — condenser vacuum Bt 


= 760 — 680 = 80 mm of Hg = 80%1.333x10" b bee Ss 
=0.1066 bar oi alee 
From steam tables, corresponding to condensate temperature 35°C, 
Ps = 0.0563 bar and ¥, = 25.22 m*/kg. inate gabeino asad istor leet 4 
~. Partial pressure of air, p, = p, - p, =0.1066-0.0563)"! = ie > i 
= 0.0503 bary +) ro1Gw spnifode 6 sauuy mrt wcll 
Mass of air associated with steam, mg = 359" 4500= beset; ld a | fi 
Volume of air associated with steam to be condensed, wae : , F 
_ MgRT, _ 1,3636x 287 x (273 +35) VOR. = 
- RS Sammars a ( IES TSC Wo.yvieonan’) Gee 
4 Pa 0.0503x109 ough 4 
= 23,963 m¥/h Peo pa er 
4A Boor ws .sgexgoltt } 
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Total volume of air to be handled, 
V,, = Volume of air in (condensed steam Sinjeadlon water) 
3 ' 
= 23.963 + 0.05 x 330= 40.463 m°/h |. 
Remaining mass of steam to be condensed, ying | Fy 

m, = Mass of steam— mass of airassociated, ‘ 
= 4500 — 1.3636 = 4498.636 kg/h eo 

Specific volume of water at 35°C from steam riage c 
1 


v¢ =0.001006 m°/kg 


{\ 


“Vp =m, Ves 4498. 636 0.001006 = 2a on Re OE 


Total volume of water in condenser, 
Vy Vy + Vp = 330 +4.526 = 334.526 m°hie2ish0)9 
Volume of water and air to be handled by suction’pump, 


V=V,, +V, = 334.526 + 40.463 = 374,989 m/h 
aa pA Jota ie tic to ou istrind 


.. Handling capacity of suction pump in m/min 
Lyis Vi _ 374, 989 1 [ 
ee mig Hl 60 “0.85 meri a 


Solution : Given data (refer Fig. 7.13) sla aie 
= 7000 kg/h, m, = 14 kg/h, T, =32°C, condensate sae ='30°C, Air pump 


“nt 


Fae temperature = 25°C. 
(i) The volume of air handled by the pump 
From steam tables, corresponding to32°C temperature 


P, = 0.0476 bar, ¥, = 29.54 mk 2 ihe 
*. Volume of steam at inlet per hour, Ve m, XVe (dry wees sat. steain) oy 
"= 7000° 29.545 = 206780 mi nf 


‘ 


fiipate »t0 wy 


Airoccupies same volume as steam 
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3 
:. Volume of air atinlet V, = 206780 m/h 


_ 14x287x (32+ 273) 5. 5.93N/m? 
‘ 206780 


+ Totalp pressure in condense Pe = - p; + Pa = -0, 0.0476 +: 5, 93x10-3* 


© = 0.04766 bar FEE 
From: steam valle Lees to air pump suction temperature = 25°C, ; 


Paitial pressure of steam Ps = -0. 0317 bar, Vc = = 43. 36 m/kg. 


Partial pressure of air at air pump suction, py = Per Ps) 


eymtisg * 


"Dy ='0.04766 = 0.0317 =.0.01596 baie = 
ke Volume of air per hour at air pump inlet 


76S = cunetdonns) nota 
1 ed BRN ou Se Oy 
m,RT, _14X287x(25+273 : f 
V, =—4 = MxPx 054209) og = 750. 228 8m ‘Ans: | 
Pa 0.01596x10 . 


(ii) The mass of steam condensed at cooler section 
Steam occupies same volume as air. } 


«. Volume of steam at cooler section = =750. 228) mh “ita 
". Mass of steamat air pump inlet, 


MBGI2 Bs Sila 
, 
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_ Volume of steam _ 750.228 


Ve “43.36 


From steam tables, corresponding to condensate temperature of 30°C 
= 0.0425 bar, ¥, = 32.89 m°/kg., 


=17.302kg/h 


. Partial pressure of air, (Pa = Pe Ps =0.04766-— 0.0825, 


=5.16x10~> bar 
-. Volume of air;,y; a PIA ELA CURRIED “ 
Pgs 'SA6KI0 KID 


=2359.407 m7/hr - 
-, Mass of steam condensed in cooler section = 71.736 — 17. 302 
' = 54,434 kg/h 


(iii) Mass of water vapour carried away by, iF My sao 


70.0 


Le it ai ti } 
at air pump suction _ 750.228 © = 11: 302 kg/h 
v, at air pump suction ‘ - 
( iii) Percentage reduction in the air pump sighs due to Sing of air. 
_ 2359.407 — 750.228 
2359.407% | 


100 = 68.20% °°" 


Soliction: Given data : 
Barometer reading = 764 mm of Hg, Contents vacuum = 72 mm of He, 
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T=36°C= 309 KT, = 29°C, m, =2 wh = 2000 kg/h; my = 60 th = 60,000 kg/h, 


= 12°C, T, = 27°C : a 
F i i) Vacuum corrected to the standard barometer reading, : pi oie fore 


Absolute pressure in the condenser ; ; fea 
= Barometer reading —condenser vacuum — | 


= 764-712 = 52 mm of Hg 
The vacuum corrected to the standard barometer reading dns 

= 760 —52 = 708 mm of Hg. 
(ii) Vacuum efficiency of the condenser 


From steam tables, corresponding to the mean rcondenser temperature of 36°C,: 


p, =0.0595 bar = 9°95 __ 44.636 mm of He 
0.001333 - ee Mee 


We know that ideal vacuum (vi 
= Barometer pressure — ~Ideal pressure — $ : i) 
= 764 — 44.636 = 719.364 mm of Hg” ' 


Actual vacuum); > 712): 
and vacuum efficiency, "Ww = T3ea1 vacuum 719, 364, 


= 0.9897 = 98: 97%. 


(iii) Undercooling of the condensate 
We know that undercooling of the condensate >, — ayy) ..2" 4° BEES - 
= Mean condenser temperature — ~ conchae temperature = ‘ (vii 

=36=29= PC » ao tah eaten ene “Ans | Fro 

(iv) Condenser efficiency Bests ; Hare ay gee: spe 
We have already found that pressure in the condenser | : ae Th 


= 764 —712 = 52 mm of Hg = 52x0,001333 = 0. 06931 bar yn eg i.e. 
From bes n tables, corresponding to a pressure of 0.0693 on phh s 
= 39°C ; 


T,-T;, _ 27-12 
T,-T, 39-12 
(v) Quality of steam entering the condenser 
Let x= Quality of steam entering the condenser. 
From steam tables, corresponding to a pressure of 0,0693 bar, we find that 

hy = 163.4 kI/kg, and hy = 2409.1 kI/kg ».\ ey 
and corresponding to condensate temperature of 29°C, tab nsvid + swore 


ity} oi 


=0.5555=55.55%, | Ans 


\ 


«. Condenser efficiency, 1, = 


>be inismome M4 


Scanned with CamScanner 


g Condensers and Cooling Towers _. : = 353. 


heat in condensates hy f= 121, 6 ike” 
We know that total heat ofenteringsteam F 


i e Me 9.1 mens 
h hy + Np, 163.4 + xx 2409 ts iy " } 
We also know that mass of cooling water (m,,) 0... ; 
m,(h—hy ) xi : 
; ce @ -T;) 
\ rh bay i 
2409,1-1216 
"60000 = 7 2000x (163. A+xx ) 
4.2(27 -12) . 
per 740x (Al. B+xXx 2409. D {Gans OF 
x = 0.767 


(vi) Mass of air per m? of condenser volume 


As per Dalton’s law, absolute pressure of air;: Py = 


13 


enabro, 


= 0.0693 - 0.0595 =: 
«. Mass of air perm? of condenser base 


Pv 980x1 ; ; 
= = = 0.011 & LERG 0 = 
"a "RT — 287x309 aa 
(vii) Mass of air per kg of uncondensed steam 4°) * .'\ 1"! 16 gme20 Pisces 
From steam tables, corresponding to mean cxuinss temperature of' 36°C, tue 
ae volume of steam, V g = 23. 94 m’/kg ch tees! KE XOOONE = ay 


i.e. 23.94 m3 /kg. 
.. Mass of air per kg of uncondensed steam 
‘PaYg — 980X23:94 ioe sary eRe e ye PO. 
m, = = = g 
RT 287x309 ivi é ait 


1_PPE16 24 
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(c)* T, 
If 
al 
i 
] 
i M 
Solution : Given data ! 
Steam turbine capacity = 20,000 kW, m, = 5 kg/h per kW, mq = 1 kg per 08, 000 kg of 
steam, p, = 70 em of Hg, Py = 760m of Hy T)'= 30°C, TT, BC, F = 0.9, capacity) —- 
of air pump = ?, m, = ?, m,, = ?. deri senisbnon yo Ein-veqtie Tp Bh (iv Z 
(a) The capacity of the air pump : : i j 
Absolute pressure inside the condenser p, : at | 7.120 
= Barometer reading — —condenser vacuum _ } 
t 
; =76-70= : 6 cm of H, = 6x10-2 x13. 6x1000x9. al. aequintozen | thehea 
= 8004.96 N/m? = 0.08 bar renee temper 
«? From steam tables at 30°C, p, = 0.04325 barib.g oo tue 4 ; | an 
| 
-, Partial pressure of air, p, = P, 7 Ps Shes 0.4325 = 0.03675: bats ‘| reache: 
Aileslessiitntthelsondieneetipenentdatep Tot ory AcE i | vacuurr 
: 5 | out ofc 
= 20000x5x— x= = 1, 67 kg! al | 
re snuskers xia: LODO en SOG tg hin 7.13C 
Using characteristic gas equation, | 
pV =m,RT rigete beasbacom: 1 | flow of 
5 | in large 
“-0.0367510° xV = 1.67x287x(30+273) . ‘°« tet “the orde 
2 V =39.517 m3 /min Weis VS | used inj 
.. Capacity of air pump = = 39.517 m/min Ee | eos oats ue Aas | rel tee 
(b) The mass of water vapor carried by air: ; oes ay ten ae 
Specific vol ony = ce | 
PK, , ume of steam at 30 C, Vp 32.8m kg : a Opt 
oie ae * "10 aut 
_ Mass of water vapour carried by air, m,=V_ = 39517X60 roman 
; Bi swing babes Ades ‘wheres 
=72.287 kgh | At 
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(c)’ The quantity of cooling water required 217i posites ai Pr otuTo 5; 


m= 


ewe C,, (% -7;) ‘ Al see satin w vin 


If there is no under cooling then, hyy = hy ttt li weak 
and at 30°C saturated temperature, Nyy = 2438.1 KI / kg 


20000%5_ 


Mass of steamis given by m, = ao 


kg/min 


com, = fe _ 200005, 0.92438.1 
" Cy(%-T)° ~~ 60 4.186x8 
= 109207.776 kg/min = 109.2077 tons/min: ~~ ‘Ans 
7.12 Necessity of cooling ponds and cooling towers. “ [Dee. *111. 


The cooling water is required to be circulated in the condenser inorder to absorb 

the heat from steam. As the cooling water takes the latentheat of steam in the condenser, the 

~ temperature of the water increases. The hot circulating water coming out of the condenser 
cannot be used again in a closed system without precooling. This is because, the hot water 
coming out if used again will not be able to absorb the heat as temperature of cooling water 
reaches near to saturation temperature of steam at condenser pressure and the condenser 
vacuum cannot be maintained. Therefore itis absolutely necessary to precool the water coming 
out of condenser before using again. 


7.13 Condenser water cooling systems... - . « 


The condenser cooling water required in an open system is about 50 times the mass 
flow of steam while in closed loop using cooling towers, itis about 5 to 7.5 kg/kwh. Therefore 
in large steam power plants the cooling water required, say for a 1000 MW plant may be of 
the order of 100 thousand tons of water per day. The cooling systems which are common! 
used in practice according to the availability of the water are listed below : iy Bt 

~. (1) Open or once through system. 4). 8s Gost 


ns (2) Closed cooling system. a Ciigawiad xabay Jove. Ce bins aolinoyyie 
(3) Mixed cooling system. ptoiesb 
(1) Open or once through system's) {<2 "nou ee tng rma [June tt] 


This system is used when there is'a large source of water available. Water is taken 
from a natural body of water like a river, lake, or ocean and pumped through the condenser; 
where“it-is heated, and then discharged back to the downward side of the source. The 


ins 
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356 - — ‘mits to prevent harm to 
temperature of the discharged water should be kept within safe limits to p 


in Fi ition of inlet and 
ea The arrangement of the open system is shown in Fig. 7. het Pe hat ha 
outlet should be chosen in such a way that there mre a ae ena 
i ing plant. This ty, 
impairs the efficiency of the condensing p 
ecawel cently of water is available throughout the year. 


Exhaust steam 
from turbine 


Cooling 
water 


Hot 
Wat water 
ater a 


lt Feed water 


: to boiler 
‘” Condensate _ 


S-spump 0 0" 


Fig. 7.14 Open cooling system °°’ SOO 


In closed loop cooling system, -warm water from the condenser is passed through a 
cooling device like a cooling tower or spray pond and the cooled water is then pumped back 
for condenser circulation. With this system of cooling also, an external source of water is 
needed to replace.tower evaporation and carry-over losses. The quantity of water lost by 
evaporation and carry-over varies between 2 to 5% of that circulated depending upon the 
design of tower : 

The arrangement of this coolin 

employed when the sufficient cooling 
river is not available, 


(2) Closed cooling system : °°: -' aril to 


ce si el a 


g System is shown in Fig. 7.15. Such system is usually 
water required for condensing the steam from lake or 
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(3) Mixed cooling system: 
The combination of both open and closed cooling system is called the mixed 
cooling system. The arrangement of this system is shown in Fig. 7:16. In this system, using the 
river and cooling towers overcomes the difficulty of re-circulation and meet the requirements 
of a fishery board ona fairly small river. The hot water received from condenseris dividedin . 
two parts, one part of it is directly discharged into the river as in case of open system and the 
remainder part is passed into the cooling tower for its cooling and then discharged into the 
river. The cooling water is supplied from river directly into the condenser. |: 
¢ Advantages : : ‘ i 
(1) The quantity of cooling water required is reduced as re-circulation is eliminated. 
(2) The size of cooling towers can be reduced. i ‘ 
(3) Itincreases turbine plant efficiency. 


Condensers and Cooling Towers manent 


Exhaust steam i 

from turbine 
Cooling 
water 


Condenser 


~- Condensate 


GF 
‘Condensate 
pump © 


Feed water to boiler 


Air out 


Hot water 


‘ | Cooling 
Water . | tower \ 
* circulating“ 6S, Air in 
ne Cold water pump ‘ AK 
| Make up 


Water |, Water pump 
-|- filter ah he aie aaa, 


vO 191s ~~Water ‘source 


Fig. 7.15 Closed cooling system 
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Exhaust steam 
from turbine : 


Cooling ‘Hot water 


water 


Condensate 
Feed water 
to boiler 


Condensate { 
pump . Hot 


Air out ; water 


Water 
filter 
: J Part of hot ; 
| _water directly 
Pump discharged 
: into river | 


River ——=> Water flow. direction 


Fig. 7.16 Mixed ‘cooling system 
7.14 Types of cooling towers Ne. 


large and highly efficient cooling towers. 
The different types of cooling towers are as follows : 
(1) Natural draught-cooling towers 
(2) Mechanical cooling towers 
(a) Forced draught cooling towers 
(b) Induced draught cooling towers. . 
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Cooling towers cool the:warm water discharged from the condenser and feed, | 

the cooled water back to the condenser. They, thus, reduce the cooling water demand in thel 
power plant. The present trend is to locate the power plant near the load centre with the use of| 


| 
| 


roc anew a 


359. 
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Condensers and Cooling Towers 
7.14.1 Natural draught cooling towers werg 2201 st 


Natural draught cooling towers use no faris. They depend for air flow upon the natural 


driving pressure caused by the difference in density between the cool outside air and the hot, 
humid air inside. Therefore, natural draught cooling towers are very tall often a few hundred 
feet. The shape of the body of cooling tower is circular in plan and hyperbolic in profile. 
Therefore, the natural draught cooling towers are often referred to as hyperbolic towers. 
The hyperbolic profile has been found to offer superior strength and the greatest resistance 
to outside wind loading compared with other forms and it also causes inside air flow. 
The first hyperbolic natural draught reinforced concrete tower was designed by Prof. 
Van Itesson of Dutch state and installed at Emma Collisey in 19 16... 4 ese SBE. 
The arrangement of hyperbolic cooling tower is shown in Fig. 7.17. In this type of 
cooling tower, the hot water from the condenser is pumped to the troughs ‘and nozzles situated 
at the bottom 10 m above the air intake. Nozzle spray the water and falls in the form of 
droplets. The air enters the cooling tower from air openings provided near the base, rises 
upward and takes up the heat of falling water. The cooled water falls in a pond situated at the :' 
bottom of the tower and itis circulated through the condenser.’ ~~ es: 


Hot air out.” 


— Reinforced concrete shell 


Water sprays Eliminators joe. o4e02 9% 


4 


Hot water 
-from condenser 


Cooled water 
x to condenser 
Pond sgonenavink? 
Fig. 7.17 Hyperbolic cooling tower i ERY pip 
¢ Advantages : rnin spe ees : os 
(1) Its operating and maintenance cos 
(2) Hyperbolic tower’s chimney shape 
evenwhenthereisnowind. i singrto yiilidive 


ts are less since no fans are needed. - a 
it Pre delat . * 
Creates its own draft assuring efficient operation, 
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1! (3) They require considerable less ground area. ie 
(4) The enlarged top of the tower allows water to fall out of suspension. 
(5) Itgives more or less trouble free operation. 


(6) Longerin life. ; ” 7.16 
¢ Disadvantages : oe ; ‘ im‘atid 
(1) Its capital cost is considerably high since the towers may be as cil as 125 fed 
100m in diameter at the base. : 
(2) Jts performance varies with the seasonal changes inDry Bulb Temperature (DBT) itst 
and Relative Humidity (RE) of air. 
7.14.2 Forced draught cooling tower ‘ . ; | 
The forced draught cooling tower is shown in Fig, 7.18. In this tower, forced draught fan” 
is located at the bottom of the cooling tower. The hot water from condenser is supplied at the | 
top of the cooling tower whichis sprayed through nozzles. The airis blown by the fan up | 
through the descending water. The rising air cools the incoming water. The spray eliminators 
are used to remove the entrained water in air. / ' \q 
Hot air out 
, ' t ‘ t ' J it it Spray eliminators 
Hot water . 
from condenser ~ : i Packing's 
F. D. Fan 
Air in 
Cooled water 7. 
to condenser 
4 Fig.’7. 2 ee ft Pp 
Manne: Fig. 7.18 Forced draught cooling tower : : fc 
(1) Itismor i : a 
(0) I's fan handleg tay a eae cone coolinetowes s 
Sterne ae a se of blade erosion are avoided. D 
o Ocated on the ground level. ; 
(4) Vibration and noise are less since me Br evel. 
4) f less since mechanica ae eel bs } 
* ‘Disadvantages : cal equipments are seton asolidfoundation, | 
(1) There is possibilit i oiilati tiv me | 
y of recirculation of h i sstai aes | 
of the tower, ot humid exhaust air coming out from the top 


Scanned with CamScanner 


Condensers and Cooling Towers = : ‘ 361 


(2) The fan size is limited to 4 metres. 


(3) There is possibility of ice formation on fan blades in cold weather, thus the fan blades 
may break. x ies ae : 


7.14.3 Induced draught counter flow tower 


Fig. 7.19 shows an induced draught cooling tower In these towers, the fans are placed at 
the 03 of the tower and they draw the air in through louvers extending all around the tower at 
its base. tS We A es ie 


‘Hot air outs” 


Hot water 
from condenser ..., 


Cooled water =| 
tocondenser 


if} entioos ie sldeqne ci tawo) FI 


Fig. 7.19 Induced draught (counter flow) cooling tower. -.:... » 

7.14.4 Induced draught cross-flow Tower ; Tiosqun oh orqudaatnenas ord 

Fig. 7.20 shows an induced draught cross flow type cooling tower. This arrangement 
provides horizontal air flow as water falls down (cross-flow of air to water) the tower in the 
form of small drops over filling. Thefans are placed at the top of the tower and they draw the 
airin through louvers. The spray eliminators tum air towards outlet fan as airleaves the water 
sprays. The special feature of this arrangement is lower air static pressure loss as there.is less 
resistance to air flow and resulting in lower fan power requirement. 

The counterflow arrangement is more efficient than cross-flow froma thermodynamic 
point of view, because its enthalpy potential difference is higher. 
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= 3 ; > | 
Hot air - ‘g 
' a r pala e 4 | i) a D. Fan Hot water | 
Hot water ! pala e 4 | rd from condenser 
from condenser cei : 
4 LP Taba ee Water sprays 
4 eth he e fe be 
se ph ne Lom Eh he bepdteg 
we yy bat a eae L- Ai 27 , 
Le NO — Saaik ob i “ . 
ae ee oe cae Te ad 
Bjeveee wo ae ee Sit hs db ce 
Airin™™ S 1 A ae aes n= x 
eS on ioe aoe | oe a Packing's 
Sy eb pea? Beno 
~ “1, wis 4x 
ee o- hoo ee | 
{ t Spray eliminators 


Cooled water <== 
to condenser ; TaIRY 


Fig. 7.20 Induced draught (cross- flow) cooling tower 


¢ Advantages of induced draught cooling towers : 


(1) The coldest water comes in contact with. the driest air and warmest water comes in 
contact with the most humidair. 
(2) Inthis tower, the recirculation of hot humid airis nota maj or problem. 


(3) Larger fan size can be used. 

(4) The power consumption per kg of water eceled' is less compared with ED. Fan 
system. e 

(5) Lower first cost due to the reduced pump eapiity and iaitalier length of water pipes.. 

(6) This toweris capable of ke baie a vids seipages 


© Disadvantages: |” 


(1) Itisnoteconomical up to the capacity of 15000 litres of water per minute ‘For larger | 


\ 


| 
} 


quantity, the economics shifts in favour of the induced draft tower, 
(2). Higher power motor is required to drive the fan compared to forced draught fan 
since itneeds to handle hot air of high specific: volume. : Site TO TTR 
(3). Its maintenance cost is high. ; ar Gr oT. ft 
(4) Fan bearings need to be cooled. ‘ oath le aya TT 98 é 1 
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14.5 Comparison between natural and mechanical draught cooling tower 


ad ak Sc Zs a ea ES 


1. Sizeandshape °. 


2. Initial cost 
3. ____Operating cost 


4. Maintenance 
cost. 


51-0” Site suitability © 


It may be 125 mhigh and 100m 
in diameter and has hyperbolic 
shape. ; 
Considerably high 


Less since fans are not required - 


Low because less no. of 


i mechanical equipmentis 


involved. gan 
Preferred when operating «© 
conditions couple low WBT ‘- 


-andhigh relative humidity and -- - 


—-for valley locations and sites of 


~ the plants near highways. 


6. - Water loss 


7.15 Cooling ponds 


Less 


More — 


Sr.No. Principle. Natural draught cooling tower Forced draught cooling tower 


itmay be 15 mhigh and 

thousands of meters in length 
and has long rectangular 

box shape. 

Nearly half of natural 
draught cooling tower 

High since energy isrequired 
to run the fans. 

High because possibility 

of failure is more with this 
towers | 
Preferred for all locations * 
except the plants near 
highways and navigable 


_ waterways where fogging 


cannot be tolerated for 

safety reasons. 

More since fans create mo 
pressure difference across the 
tower. ~ 


“ Comparatively less. 


The cooling pond is one of the simplest method of coolingthe condenser water. This 


method is less efficient than cooling tower. © ' #0" 
The following type of cooling ponds are comm: 
(1) Natural and Directed flow cooling pond. 


(2) Single deck and double deck cooling pond. 

(3) Open and Louvre fence cooling pond.~~ 
(1) Natural and Directed flow cooling pond ai 
; Innatural flow cooling pond, hot water coming out from the condenseris just allowed 
to flow into the pond as shown in Fig. 7.21. From hot water, heat is transferred to atmosphere 
by convection. This system is rarely used now a days, : 


. 


only used in practice : 


ashy ght 
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from condenser, i : \F- 


ii PUNE ee a 


to condenser Wa ee 


_Fig. 7.21 Natural flow cooling pond 

pond. Its cooling effect is more than the non- 
directed flow pond. The hot water coming out of condenser enters the middle channel and.on 
reaching the far end divides into two currents, being directed by the baffle walls so as to 
traverse the pond several times before uniting at the intake point.’ 


Fig. 7.22 shows directed flow cooling 


Cooled water 
to condenser . 


Fig. 7.22 Diretted flow cooling pond ‘sig patOOO 24.) 


(2) Single deck and Double deck cooling pond aro ets : zt 
Asingle deck cooling pond is shown in Fig. 7.23.In this pond, spray nozzles are. 


Hot water ; 
from condenser ——>_—> _—> __—> > > 


NN i 
Seen 


Spray nozzles « «9 


Cooled water rt Tura FA 
to condenser 


Fig. 7.22. Single deck spray pond 
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arranged at the same elevation. In this system warm water received from the condenser is 
sprayed through the nozzles over a pond of large area and cooling effect is mainly due to 
evaporation from the surface of water. ‘ 
Indouble deck spray pond, spray nozzle are arranged at different elevations as shown 
in Fig. 7.24. In this system cooling is more effective than single deck system. 


Hot water 
from condenser 


Cooled water 
tocondenser . 


Fig. 7.24 Double deck spray pond 
(3) Open and Louvre fence \ 


The spray ponds discussed above (Single deck and Double deck) may be open type 
or with louvre fence. Incase of open pond, the draft losses will be more if the wind velocity is 
high. This can be avoided by providing louvre fence as shown in Fig. 7.25. 


~~ “w 
Zz i 
Hot water zo ~ 
from condenser _—> _—* NOR 
ie Spray nozzles’ ° igquet AS 
Cooled water == Louvre fence”, S. 
to condenser Ea 


jeor 


Fig.'7.25 Spray pond with louvre fence 
,*. Advantages of cooling ponds: 
(1) Its initial cost is less. ; 
__:(2), Simple in design and arrangement. :, 
* Disadvantages: . 
(1) Itrequires large area for cooling. 
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(2) More amount of loss of water due to evaporation and windage run. ge 

3) Low cooling efficiency. « ; 7 a | 
@ : : rature of cooled water. a9 


(4) Thereis no control over the tempe: 


: Fi ~. 
a he one ere of acondenserin athermal power plant ? Give the chant 
of condensers. ‘ 
7,3 State the elements of steam condensing plant. - ah 
7.4 Whatis jet condenser ? Explain low level jet condensers. , i 
7.5 Whyishigh level jet condenser called a barometric condenser ?. o 
7.6 Explain barometric condenser with neatsketch. —— ; ra = 
77 Withaneat sketch explain the construction and working of ejector condenser. 2 
7.8 What are the advantages and disadvantages of jet condensers ? ; ' 
7.9 Classify the condensers used in thermal power station. Explain with neat sketch, the af 
condenser used in desert location (where there is shortage of water). f 
7.10 Why is separate air cooling section provided in surface condensers ? 
7.11 Explain double pass surface condenser with neat sketch. ; 
7.12 State advantages and disadvantages of surface condenser.’ ~ fii ri { 7 


7.13 Compare jet condenser with surface condenser. , 

7.14 What are the sources of air leakage in condenser.? and explain its effects’ onthe. 
performance of condensers. : : au 

7.15 How can maximum vacuumin condenser obtain? Explain various methods. 

7.16 Explain various reasons for inefficiency in surface condenser. 

7.17 State the functions and importance of a cooling tower and condenser in a thermal 
power plant. = : i er , aa \ 

7.18 Explain Edward air pump with neat sketch. ~~ | 

7.19 What is the standard value of barometric pressure at sea level ? —- 

7.20. Define the following terms related to condenser kee 
‘(i) Vacuum efficiency, (ii) Condenser efficiency. F eM ‘ 

7.21 State the Dalton’s law of partial pressure. How it can be applied to condenser application? 

7.22 Whatis the necessity of cooling towers ? 

7.23 Explain various methods of condenser water cooling. 

7.24 State the function of cooling tower in amodem steam power plant. Describe with neat 


sketch the working of a mechanical type-cooling tower. 
725. Classify different types of cooling tower used in power plant. Explain Natural draft 
cooling tower. Also explain the reason of its hyperbolic shape. 0) 4 ) 


7.26 Explain the construction of natural drau: i wi i i 
ght cooling tow rite j 
fees caine ig er with diagram: Also write its | 


AT | } 
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Vat Explain the working 6f mechanical cooling tower with the néat sketch: ‘Also state its 
merits and demerits over natural cooling tower. ce a 
7.28 Why cooling towers are used in a power plant ? Explain the function ofa cross flow 
cooling tower with neat sketch. ote Jans resto Suh eI © 
7.29 Compare mechanical draught cooling towers with natural draught cooling towers. 


7.30 Explain cooling ponds and its types with sketch:~ ' 


Unselved Numerical Problems 


7.1 "The vacuum in a condenseris 68 cm of Hg with barometer reading’ 76 cm of Hg. If the 
-. inlet and outlet temperatures of cooling water to'a condenser are 28°C and 42°C 
respectively, Calculate the condenser efficiency. - [Ans : 73.6%] 

7.2: The vacuum at the steam inlet to acondenset was found to be 716 mm of Hg and the 
temperature of steam in the condenser is 35°C, when barometer reads 760 mm of Hg. 
Determine the vacuum efficiency. * j aaa aoe . [Ans : 99.74%] 
7.3 Inasurface condenser the vacuum maintained is710 mm of Hg. The barometer reads 
760 mm of Hg. If the temperature of condensate is 18°C, determine : (i) mass of air per 
kg of steam, (ii) vacuum efficiency of condenser.” HERES CRS 


; [Ans 23.576 kg, 95.37 %] 
74 Ina surface condenser test; the following observation were recorded : 
Condenser vacuum = 700 mm of Hg. oat VA eam 
Barometer reading = 760 mm of Hg... 3 wuisnwen 
Mean condenser temp. =35°C, Hot well Temp..= 30° 
Rise of cooling water temp.=14°C ,. 1. mits 
Mass of condensate collected = 16.75 kg/min, 5.5) 305 i 
Mass of cooling water circulated = 39600 kg/h. oepsar§, oon s) 
Calculate : (1) Vacuum efficiency, (2) Mass of air present perm? of condenser yolume, 
(3) The state of exhaust steam entering the condenser...) 20) 2.2.5 iii fos 
[Ans : (i) 97.53%, (ii) 0.027.kg, (iii) += 0.946] 
7.5 The following observations were recorded during a test on a steam condenser : 


Barometer reading = 765 mm Hg donaphun cvilmiodeve (s) 
Condenser vacuum = 710mm Hg. s A sno tI0) 
Mean condenser temperature = 35°C bo agertabn val 3 ' 


Temperature of Hot well = 28°C ssensbroo ist level 
Condensate collected = 2000 kg/hr. sanabnog 10)0819 (9 
Cooling water circulated = 60,000 kg/hr. yigcoyia vont ae 
Temperature of cooling water atinlet=14°C , ne 
Temperature of cooling water at outlet = 30°C ae ; 


1 7 
Db} fe 


i) 
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a A . (ii 
Determine : (i) vacuum corrected to standard barometric pressure cae pan ey 
quality of steam entering the condenser, (iii) condenser efficiency, Gv) sean a ‘al 
-perkg of steam. [Ans : (1) 705 mm Hg, (ii) x= 0.818, (iii) 76.2, sll 


i i rded: « 
1.6  Inasurface condenser test, the following observations were reco! 


Temperature of entering steam = 40 Cw 
Dryness fraction of entering steam = 0.85 
Condensate collected = 10 tons/h 
Air leakage in condenser = 30 kg/h 
Condensate temperature = 30°C 
Determine : (i) the quantity of Sire wate! feds we 
°C, i -y (ii) the capacity of the wet air pump in m’/min. | 
ciadial — : [Ans : (i) 8310.29 kg/min. (i) 838.73 mm/h] 
denser operating with a steam turbine isestimatedas | 


1.7. Theair leakage intoa surface con' 
86 kg/h. The vacuum near the inlet of air pump is 700 mm of Hg. when barometer | 


reads 760 mm of Hg, The temperature at inlet of yacuum pump is 19°C. Determine: (i) 
_ the minimum capacity of the air pump inm’/h, Gi) the dimensions of the reciprocating | 
,, air pump to remove the air if it runs at 180 r.p.m. Take L/D = 1.5 and volumetric 
efficiency =95%, and (iii) the mass of vapour extracted per minute. sa ‘ 
[Ans : (i) 1246.91 mhh, (ii) D=0.461 m, L=0,.691 m, (iii) 0.339 kg/min] 


| 


1.  Acondenser ina steam turbine power plant * x Ke 
(a) reduces back pressure of steam “(b) incréases expansion ratio of steam 
(c) reduces temperature of exhaust steam~ (d)all of the above 
2. The following is not true for condenser ~ ; ’ 
(a) Itincreases thermal efficiency of the power plant. ° 
‘(b) If reduces corrosion of boiler tubes. =) 2 os OE i woes 
_ ()It increases the power plant size for given output. Mist rf 
© ) Itréduces amount of heat supplied per kg of steam. 
3. ° The following is not ajet condenser. ~~ fe 


(a) evaporative condenser (b) barometric condenser 
(c) ejector condenser (d) all of the above: 
4. Inthe following condenser, condensate extraction pump is required 
(a) low level jet condenser, (b) barometric condenser 
(c) ejector condenser “ (d)alloftheabove’ — 63 
5. Acondenser where circulatin: i | 
g water flows through tubes wh 
cee i ening 2) e ich are surrounded by 
(a) jet condenser ‘ +-"'“9 (b) surface condenser * 
(c) barometric condenser (d) evaporative condenser 
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The following is true for direct contact type condensers : 
(a) The power required to run the air pump is low. 
(b) The quantity of cooling water required per kg of steam condensed is less. 
(c) Their maintenance costis high. 
(d) Vacuum maintain is higher. 
needs very small amount of circulating water and make up water. 


(a) surface condenser (b) ejector condenser. 

(c) barometric condenser (d) evaporative condenser. 
The following is not a source of air leakage in surface condenser. 
(a) boiler feed water (b) condenser joints 

(c) cooling water (d) none of the above 


The following is not the effect of air leakage in condenser. 
(a) reduces the thermal efficiency of plant. 

(b) increases the corrosive action. 

(c) increases the overall heat transfer from steam. 


(d) increases cooling water requirement. 


The ratio of actual vacuum to the ideal vacuum in.a condenser is called 
(a) vacuumefficiency (b) condenser efficiency 
(c) overall efficiency (d) expansion efficiency 


The ratio of actual rise in the temperature of cooling 
in temperature of cooling water is known as 

(a) vacuum efficiency ~ (b) condenser efficiency 

(c) overall efficiency " (d expansion efficiency 

The actual vacuum in a condenser is equal to 

(a) gauge pressure + atmospheric pressure 

(b) gauge pressure — atmospheric pressure 

(c) barometric pressure + actual condenser pressure 

(d) barometric pressure — actual condenser pressure 

The following is not applicable to hyperbolic cooling tower, 

(a) Itrequires large ground area. ' (pb) It’s operating cost is less. 
(c) It’s initial cost is considerably high. 
The following is not applicable to induced draught cooling tower. 
(a) Its maintenance cost is high. © ‘ 


(b) It requires high power motor torun ID. fan. 
(c) There is possibility of recirculation of hot, humid air. 
kg of water cooled is less. 


(d) The power consumption per 
Answers 


2.(c) 3(a) 4-(a) 5.(b+) 6() 7.(d) 8(c) 9%) 


f_PPEI6 25 
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(d) It gives trouble free operation. 
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81 Necessity of feed water treatment 

8.2 Different impurities found in feed water 
8.3 Effect of impurities 

8.4 pH and its role in corrosion and scale formation 
8.5 Feed water treatment 

8.6 Internal Water treatment systems 

8.7 External water treatment systems 

8.8 Hot lime soda process 

8.9 Zeolite or Ion exchange process 

8.10 Demineralization plant 

8.11 Reverse Osmosis process 

8.12 Sea water treatment using reverse osmosis 


8.13 De-aeration : beste iP 
SE tet ee ee 


8.1 Necessity of feed water treatment : marti it atic 

Steam turbine power plants lose a fraction of their water and steam during operation 
due to the leakage from glands, fittings and bearings, escape with non-condensable gases in 
deaeration process, boiler blowdown and other causes. This loss amounts to be about | to 
3 percent of total flow. Since this loss of water and steam is a continuous process and so this 
loss must be made up continuously during operation. Itis highly essential that this make-up 
water must be treated well in water treatment plants to maintain water and steam purity. Raw 
water contains a variety of impurities, such as suspended solids and turbidity, organics, hardness 
(salts of calcium and magnesium), alkalinity (bicarbonates, carbonates, hydrates), other dissolved 
ions (sodium, sulphate, chloride, etc), silica, and dissolved gas (O,; CO,). ra 


These impurities deposit on heat transfer surfaces in a power plant. These materials 
like dirt and scale have low conductivity and therefore impede heat transfer severely. Deposits 
of scales forming impurities on boiler tubes will restrict the water flow also. It can also raise the 
metal temperature with resilltant tube rupture. The other effects of these solids are the corrosion 
anderosion of boiler tubes, turbine blades, and condenser tubes. Therefore, it is absolutely 
necessary to have a separate water softening plant to polish the water taken from outside 
source (well, lake or river) to counterbalance the losses in the system. The general outline of 


the feed water supply system is shown in Fig. 8.1. 
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; (e) Ma 
® Sili 
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water 
mold 
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h) Cc 
Hot well 
Die 
td ae (21 
Make up (a) ¢ 
water pump Water 
softening Water source of w 
plant cart 
soft: 
Fig. 8.1 Position of water softening plant - Cal 
8.2 Different impurities found in feed water — [Dec. 713, May °13, Dec. @ 11) Har 
The water contains impurities and, therefore, those must be removed before feeding a 
tothe boiler. The impurities present in the feed water can be classified as given below. 
(1) Undissolved and suspended materials (3) 
(a) Turbidity and sediment : : (a) 
Turbidity in water is suspended solid particles in soluble matter like mud, sediment, : 
sand, etc. that settle rapidly on standing. Their presence is undesirable because heating or in 
’ evaporation produces hard stony scale deposits on the heating surface and clog fluid system. co 
‘These impurities can be removed by filtration and settling coagulation. The turbidity of boiler (b 
feed water should not exceed 5 ppm (A standard of measurement of hardness is taken as 
being the amount of calcium carbonate (CaCO,) in the water and is referred to in part per ot 
million (ppm) or grains per gallon x 17/1=ppm). gh (4 
(b) Sodium and Potassium salts : ; ( 
Sodium and Potassium salts area alkaline in nature and accelerate the corrosion, They ; 
are extremely soluble in water and do not deposit unless hi ghly concentrated. 
(c) Chlorides : They cause increased corrosive action of water. . N 
(d)Iron: r 
Generally ground surface water contains less than 5 ppm but even 0.3 ppm can create ‘ 


trouble in the feed water system by soft scale formation and accelerating the corrosion. Ferrous 
bicarbonate is most common soluble iron in water, 


; it deposits becomes yellowi ish 
sediment of ferric hydroxide if exposed to air, tas a. og 
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reed water treatment 
(@ Manganese 3 Its presence is equally troublesome as iron. 
(3) Silica: : ; 
Its presence in water is highly objectionable as it forms very hard scale in boiler and 
forms insoluble deposits on turbine blades. Its presence in feed water is reduced as low as 10- 
parts per billion (ppb). Most natural water contains Silica ranging from 1 to 100 ppm. 

@ Microbiological growths q 

The microbiological growths in surface water (river and lake) include bacterial slimes, 
molds, diatons, algae, etc. These can cause coating on heat exchanger and clog the flow 

assages and reduce the heat transfer rates, 

(h) Colour : . . 

Its presence In water causes foaming in boilers and may interfere with treatment 

rocesses. It is generally removed by chlorination or absorption by activated carbon. 

(2) Dissolved salts and minerals i ; 
(a) Calcium and Magnesium salts : ‘ 

The presence of these salts is recognised by the hardness of the water. The hardness 
of water is tested by standard soap test. These salts are present in the water in the form of * 
carbonates, bicarbonates, sulphates and chlorides. Water having carbonate hardness may be 
softened by sufficient heating or boiling. CO, is liberated and relatively insoluble precipitate of 
CaCO, and MgCO, are formed which can be removed by simple blow down method. 
Hardness of water is caused by the presence of chlorides, sulphates and nitrates of calcium 
and magnesium cannot be removed by just boiling because they form a hard scale on heating 


surfaces. 
(3) Dissolved gases 


(a) Oxygen : ; i iS , 5 
Oxygen is corrosive to iron, zinc, brass and other metals. It is present in surface water 


in dissolved form. It causes corrosion and pitting of all metals parts with which it comes in 
contact especially at high temperatures. : 


(b) Carbon dioxide: 
Carbon dioxide produces corrosion and scale forming compounds by combining with 


other materials. Majority of water contains 2 to 50 ppm of CO,,. 


(4) Other materials 


(a) Free mineral acid : ' ; : 
Usually they present in water as sulphuric or hydrochloric acid. Their presence in 


Water is always undesirable as it may result in the corrosion. The presence is reduced by | 


Neutralization with alkalies. ' F 


(b) Oil: 
Generally the lubricating oil is carried with steam into the condenser and through the 


ced water system to the boiler. Itcauses sludge, scale and foaming in boilers. Itis generally 


Temoved by strainers and baffle separators. 
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| peed 
Fi tgs a (2) Cc 
8.3 Effect of impurities - avttien difeees 
The following troubles arise due to one or more of the water impuriti sid 
above. — shut! 
tion , ‘ f 
m ee i tion of dissolved salts in hard water increases progressively due to 
e concentratio =o h Its are precipitated on the inner acid 
continuous evaporation of water in boilers and finally these sal : FE cacdetailes 1 
walls of the boiler. If the precipitated matter forms a hard adhering coating inside ee wat 
surface, they are called as scales. The mechanism of scale formation is shown in Fig. 8.2. Get 
, Heat ist 
Heat Boiler walls : be 
| 
Loose precipitates | me 
Phy suspended in water ‘ by 
- = Hard adhering for 
= coating on inner 
Wake walls of boiler 
Heat Heat ar 
Fig. 8.2 Scale formation el 
‘ ; : : : 1 
The formation of scale reduces heat transfer and simultaneously raises the temperature 4 
of the metal wall. When temperature of boiler tube material reaches 450°C to 500°C, there is ( 
a serious danger of overheating and consequently rupture of boiler tubes. The scaling results 


from the decrease of solubility of some salt with increase of temperature. Scale is mainly due 

to the salts of calcium and magnesium as also to a certain extent the salts of silicates. +, 
Calcium and magnesium bicarbonates are broken down by moderate heating (100°C) 

into relatively insoluble monocarbonate and CO, as given by the following chemical reactions. 


Heat ‘ ‘ 
Ca(HCO3) + —jo;q-? CaCO; (soft sludge) 1 + CO, T+H,0 


Mg(HCO;), + E> MgCO, (soft sludge) 1+ CO, T+H1,0 
The less soluble salts such as calcium carbonate precipitate and settle in the boiler. 
The CO, formed is carried with steam. | 


The scale chokes the flow in the piping system and thus requires increased pdt to 


maintain water delivery. The accumulation of scale may become so thick that the heat transfer 
rate drop from flue gas to water. This will result in overheating to metal side, blistering and 
tupturing. When scale is formed, tubes are cleaned with ele 


ctric-powered rotary b 
cutters are pushed through the tubes during boiler overhaul Rte 
The tough and tightly adhered scales are worst from the poi 
e point of i 
of scale is prevented either by removing or reducing t Ss ee ce 


he contents of calcium i 
re : mi 
silica before feed water reaches the boiler or by internal treatment. ie 
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fF @Corrosion ; — 
= Lepceiitons is the eating away process of boilér metal. It produces pits, grooves, 
and cracks or a8 wastage of material. Eventually, this calls for major repairs or expensive 
shutdowns or replacement. ; ; 
c } The corrosion of boilers, economisers, feed water heaters, and piping is caused by an 
‘er 


acid or low pH in addition to the presence of dissolved oxygen and CO, in the boiler feed 
water. ioe! eens 8 of oxygen is mostly responsible for corrosion among all other factors. 
Generally it's “ not exceed 0.5 CC perlitre. The carbon dioxide isnext to oxygen which 
js responsible ee it comes out of bicarbonates on heating and it combines with 
water to form weak acid known as carbonic acid. This acid slowly reacts with iron and other 


metals to form their bicarbonates: The new bicarbonates of metals formed are decomposed 
by heat once more and carbon dioxide is ag 


ee ain liberated. This gas again unites with water to 
form carbonic acid and the cycle is repeated. ial 


The corrosion can be controlled by adding alkali salts to neutralise acids in water and 
raise the pH value. The effect of CO, is neutralised by the addition of ammonia forneutralising 


amines in water. This is necessary because CO, lowers the pH of the boiler feed water. The 


effect of oxygen is reduced only by removing the oxygen from water. The corrosion of metal 


surfaces can be prevented by applying protective coating of amines to the internal surfaces of 
boilers and economisers. 


(3) Priming, Foaming and carryover : 


wow 


oe [June 11] 
A layer of foam in the boiler drum is caused by soluble:and insoluble salts and other 


organic impurities which are carried in suspension. Foaming prevents the free escape of steam © 
bubbles as they rise to the surface of water. Oil and other impurities which may be present in 
boiler water may cause foaming. Foaming can be avoided by adding castor oil and antifoaming 


chemicals and by adding sodium aluminate (N aAlO,). 


Priming is the passing of small water particles with steam as it leaves the boiler 
caused by impurities in water. Thus, the steam generated is wet. Carry over refers to passing 
of dissolved solids with steam while it leaves the boiler. The priming effect is reduced by 
installing steam purifiers, lowering water level in the boiler drum and maintaining constant load 
on the boiler. ke 
The processes of priming and foaming usually occur together. The effect of priming, 
foaming or carryover is to carry the water which contains dissolved salts or undissolved slugs 
with the steam. The carry over of boiler water solids disrupts operation of the equipments 
coming in contact with the steam. The deposits are formed in the steam piping, valves, 
supetheaters and turbine blades. These deposits erode the turbine blades, superheater tubes 
and interfere with lubrication system. ( 
(4) Caustic Embrittlement : age ' fas 
The caustic embrittlement is caused by using highly alkaline water (caustic in water). 


Scanned with CamScanner 


Beanscame 


oc6 Power Plan Engineering , 
nc ; i i water level! 
Itcauses the brittleness of metal and as a result cracks appear !n boiler shell eee Salen 
This is caused by long exposure of boiler steel toa combination of stress and hig | 
vent ' brittlement. 
The following three conditions contribute toem! ori mae ) 
(i) When the boiler a contains free hydroxide alkalinity and some silica, ithas been re 
found that the feed water was high in sodium-bicarbonate which broke down into sodium 


carbonate in the boiler and partially hydrolized as shown by the following reaction in case of 


embrittlement. 
Na,CO, + HOH > CO, T + 2NaOH 


(ii) Slow leakage of boiler water through a joint or seam. hod 
(iii) Boiler metal is highly stressed at the point of leakage. This may be caused by faulty riveting,” 
misalignment and expansion. : f 

This defectis not very common. 
plant and measures must be taken to prevent it... 

Embrittlement can be controlled by ._,, ) 

(i) eliminating free sodium hydroxide from boiler water. : 

odium hydroxide. aa 


However, it must be considered in every water treatment | 


(ii) maintaining a definite ratio of sodium nitrate to s , 
(iii) using waste sulphite liquor... >; f a i ie 
8.4 pH and its-role in corrosion‘and scale formation [Dec. ?11] 

pH value of water is the logarithm of the reciprocal of hydrogen ion concentration: 
Itis number from 0 to 14 with 7 indicating neutral water. The pH is anumber denoting the 
degree of acidity or alkalinity of a substance. It is derived by measuring the amount of hydrogen 


ion (47+) in grams per litre of solution. For example, ure water ionizes to produce 107 
grams p' ample, P prod 


grams of H, ions per litre. 


’ 1; heat 
. pH value of water = el | =7 (at 20°C temperature) 


Therefore, pure water being neutral Solution, any solution producing more hydrogen 
iron than pure water will be acidic and degree is governed by the difference. A sample of 
water having pH value less than 7 indicates the acidity of water and pH value more than 7 


indicates the alkalinity of water. 


If asample of water contains 1 H* ion for every 1QH7 ion, they balance other and 


they combine to form neutral water, ‘ 
(1) Role of pH in corrosion : 


Feed 


ions: 


whil 


hyd 


as § 


to 


te 
ec 


é 


( 


ae According to electro-chemical theory all metals also tend to dissolve in water to®| 
ertain extent. Water in contact with iron dissolves very small quantity of iron into solution: Th*| 


water quickly becomes saturated with iron which stops further dissolving. 
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Fe (metallic state) = Rett ; 
€)= Fe** (ferrous ion when goes into solution) 


Water i iti ee 
in natural condition also ionizes toa very small extent and forms positive Hy 
jons and negative hydroxyl ions ( Q}4- ) as given by the following equation :- 
H,0>H* +oH7 
The presence of excess hydrogen (Ht ) ions makes the water acidic and corrosive 


while pet cipscici apa hydroxyl (OH™ ) ions makes the water alkaline. 
: 1ons combine with negati i 
hydroxide. * egatively charged hydroxy] ions to form a ferrous 
Fe**\+ 20H? — Fe(OH); , aT 93 
The dissolved oxygen of water oxidizes formed ferrous hydroxide to ferric hydroxide 
as given by the following equation : Fg 7 i 
4Fe(OH) +0, + 2H,0 = 4Fe(OH), + (Insoluable) 
The formed ferric hydroxide is much less soluble than the ferrous hydroxide and tends 
to precipitate. This in turn allows more ions to go into the solution. 
Another important reaction given below in which hydroxy] ions from the water unite 
with the ferrous ions and hydrogen ions are left free in the water. 


Fe** + 2HOH (water) = Fe(OH), + 2H" 
These excess hydrogen ions form a protective coating over the metallic surface and 


tend to prevent further solution of metallic ion. The dissolved oxygen in the water also tends to 
combine with free excess hydrogen ions and forms water again as given by the following 


equation. 


4H* +0, =2H,0 ‘ 
Therefore, the dissolved oxygen also removes the protective layer of hydrogen ions 
and allows more iron to dissolve in the water. 
Electro-chemical theory of corrosion 
controlled by the free hydrogen ions present in the water. 
water is also responsible for the corrosion. 
The role of pHin corrosion of metals is extremely important. The corrosion rate of 
proportional to pH upto a value of 9.6. At this point, hydrogen’ 


iron in the absence of oxygen is 
gas formation and dissolving of iron practically stop. This is the same pH produced by a 


as explained above states that the corrosion is 
The acidic or alkaline nature of the 


saturated solution of ferrous hydroxide Fe(OH),. 
The oxygen in the water unites with the ferrous hydroxide to form ferric hydroxide, 
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This reaction lowers the pH of the solution and tends to stimulate corrosion. bs 
Alkalinity adjustment and film formation are closely related. The pH valt hi 
water should be maintained greater than 9.6 toreduce the corrosion effects cause ae 
reason mentioned above. The required alkalinity of feed water 1s adj usted by adding soda ash, 
caustic soda or trisodium phosphate. 
(2) Role of pH in scale formation : - ! 
The calcium carbonate is one of the most troublesome deposits responsible for scale 
formation. The calcium hardness alkalinity and pH are inter-related variables in scale formation. 
calcium hardness and 100 ppm alkalinity at 


Asshown in Fig.8.3, water with 700 ppm hare 1g. 5 : 
7 pH lies at point A on the curve. The calcium carbonate will not precipitate being point A on 
the curve. If the water at the point B having 700 ppm calcium hardness and 130 ppmalkalinity 


is considered, the water is not in equilibrium being the point above the curve, the calcium 
carbonate will precipitate. The area below the curve indicates ‘a tendency for CaCO} to 


dissolve. Water at point B can be brought back on the curve by reducing the hardness or 
alkalinity as shown in Fig. 8.3. Therefore, waters with the same calcium hardness may have 


different scale forming tendencies. 


alue of feed 


Temperature for all curves is 25°C 


200 


— 
aD 
o 


Total alkalinity (ppm) 
s.6 8 


a 
o 


200 400 600 800 1000-1200 1400 


Total calcium hardness (ppm) 
Fig, 8.3 Role of pH in scale formation 
8.5 Feed water treatment | | 


The i | i 
main ob lective of the feed water tr ‘eatment is to remo ve the suspended i S. 
1 so id: H) 


disso! Vv di sol ved gases from water before su I in to e boi V ods 
: ' g th boiler. arious meth 
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Methods of water treatment 


Internal treatment External treatment] ~ 


Thermal 


Lime - soda 
treatment 


Ion exchange or 
Demineralization 
process 


Despaney 1196 


8.6. Internal Water treatment systems 


The internal feed water treatmentis accomplished by adding Semmes to boilerwased 
The dissolved solids in the water are removed in the boiler itself by a chemical treatment 
then the method is known as internal treatment. Itis carried out to prevent scale formation 
and tonullify the effects of external treatment. Some important methods of internal treatment 


are as follows : 45 tots 
(1) Sodium carbonate (Soda ash) treatment : Soma i 


‘In low pressure boilers, scale formation can be avoided by addition of Na,CO, 
(sodium carbonate) to boiler. The added sodium carbonate reacts with sulphates of calcium 
and magnesium in boiler water to form calcium and magnesium carbonates. 

CaSO, +NayCO, =CaCO; 1 +Na,SO, 

Athigh temperature, sodium carbonate reacts with water to form some free caustic , 

soda (NaOH) as given by the following equation, 
Na,CO, + 2H,0 + Heat = = NaOH +H,0 + co, 
edreacts with the soluble magnesium salts to form insoluble 


' 1) Evaporation 
Oita | Uae H 


The free caustic soda form: 
magnesium hydroxide sludge as given below : 


MgSO, + 2NaOH = Mg(OH), 4 + NaySOq 
of cleaning destroys sulphate hardness. 


This system 
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© Disadvantage : 

i ich goes will 
This system forms CO, whic Ci | 
: id. This lowers pH and accelerates the rate of oxygen corrosi ‘ 


h steam and dissolves in the condensate t 


form carbonic ac: 


! 1 on, 
sa ie boilers by adding sodium phosphate to avoid scale formation. 


The reaction is given by the following equation. , 
3CaCl, + 2NayPO, = Ca, (PO4)2 + + 6NaC cca htie 
The soft sludge of Ca and Mg phosphate formed can be easily re! 


down process. - 
The common phosphates which are used. 


: Fi : lini 
(@) Trisodium phosphate (Na,PO412H,0) highly alkaline. Itis used when alkalinity 
of boiler water is low. , 4 a 
Gi) Disodium phosphate (Na, HPO )412H,0) moderately alkaline. It is used when 
alkalinity of boiler water is adequate. e 
(ii) Mono-sodium phosphate (NaH, PO, ) slightly acidic, Itis used when alkalinity of 
boiler wateris too high. 
(3) Sodium aluminate (NaAlO,,) treatment : hs 
The scale formation can be avoided by addition of NaAlO, to boiler. 


NaAlO, + 2H 0 ='NaOH + A(OH), 1 
NaOH reacts with magnesium salts to form sludge : 
MgCl, +2NaOH = Mg(OH), J + 2NaCl 


’ Al(OH); and Mg(OH), produced inside the boiler can be removed. by blow down | 
operation. 3 ii f uizongame bn: | 
(4) Colloidal treatment : : | 

The sludge formed either with carbonate system or phosphate systemis sometimes | 
objectionable, therefore organic compounds are added in the feed water to keep the sludge in 
circulation until it can be removed through blowdown. 

Itis used in low pressure boilers to prevent scale formation by adding organic substances 
like tanin, lignins, starch, kerosene etc, These substances get coated over scale forming 


Precipitates. It yield non-sticky and loose deposits similar to sludge which can be removed by 
blow down process. 


(5) Blow down system 


Water entering the boiler May contain some dissolved solids. The concentration of 
these solids goes on increasing as the 


wateris vaporised. Beyond acertain limit of concentration, 
these solids may Cause foaming and priming. The upper limit is 2500 to 5000 ppm for low 


| 
| 
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pressure boi lers and 500 ppm or even less for high pressure boilers. 

The internal treatment precipitates undesirable salts in most desirable form. This 
removes the hardness of water but produces equivalent amount of sludge thatis potentially 
troublesome. : , 

The concentration of these solids can be reduced by drawing off some of the quantity 
of the boiler water from the bottom of boiler drum as shown in Fig. 8.4. This process is called 
blowing down and discharged water is known as blow ‘down. a: 


> Steam 


Steam 
generation 


Water supply 
from condenser 
and make-up Blow down _ 


Fig. 8.4 Process of blowing down 
. » The blow down water mainly contains the undesirable impurities which concentrate at 
the bottom of drum. As a result of blow down the concentration of these impurities inside the 


boiler drum can be temperarily reduced. Therefore a boiler may haye periodical blow down 
so that the concentration of impurities can be kept within permissible limits. 


\ AY 


} 


8.7 External water treatment systems 


The external water treatment becomes essential when the make-up water quantity is 
large and contains considerable suspended and dissolved solid material. The suspended solid 
material is generally removed by mechanical means. The dissolved solids are removed with 
the use of chemical treatment and dissolved gases are generally removed by thermal treatment. 

Mechanical treatment includes sedimentation, coagulation and filtration. Suspended 
matter can be removed easily by these processes. Sedimentation involves allowing the 
water to stand quietly for some time. In this way the solid matter settles down andis removed 
periodically. In case of coagulation some coagulatants like aluminium sulphate, sodium 
aluminate or ferrous sulphate are added to the impure water. This removes the minute 
colloidal suspensions. Filtration consists in passing the water through filters. The suspended 
matter adheres to the filter material. The filters may be either gravity filter or pressure filter. 
Chemical treatment includes hot lime soda process, zeolite ion exchange process 
and demineralization. Thermal treatment includes distillation and deaerative heating of water. 


8.8 Hot lime soda process 
In this method, lime Ca(OH), (calcium hydroxide) and soda ash Na.CO; (sodium 
carbonate) use as treating elements. These treating elements react with all types of calcium and 


Scanned with CamScanner 


Beunscanne 


—— Power Plant Engineering 
382 


i ily ied out at the boiling 
magnesium salts and precipitate them. These reactions are one Siersiaeani 
point (100°C) of the water where the water is heated with ue ) A vp eis 
The chemical reactions involved in lime soda proc 


(8.1) 
Ca(HCO,)y + Ca(OH) = 2CaCO3 {+ 2H,0 


Mg(HCO,)) + 2Ca(OH), = 2CaCO3 + +Mg(OH), +) 2HQ0 n2) g 


i ipi B hardness as shown above. 
The lime precipitates the carbonate as she 
The sulphate hardness of calcium and magnesium is removed by soda ash. 


} (8.3 
CaSO, +Na,CO, =CaCO,4+Na,SO, ; (8.3) 
MgSO, +Na,CO, =MgCO,1+Na,SO, (8.4) 


- The chloride hardness of calcium and magnesium is also removed by soda and lime 
respectively. The equations are given below: y 


CaCl, +Na,CO, = CaCO}; 4 +2NaCl : (8.5) 


"MgCl, + Ca(OH), =Mg(OH), J +CaCly © (8.6) 


‘The magnesium carbonate formed as shown by the equation (8:4) further reacts with 
lime and forms magnesium hydroxide sludge. The chemical reaction is given below. 


MgCO, + Ca(OH), =Mg(OH), +CaCO, 4 ate “ (8T) | 


The magnesium hydroxide (Mg(OH), ) acts as a coagulant and has the property of 


absorbing soluble silica from solution. 


Trisodium phosphate and caustic soda are sometimes used in addition to lime and 


soda to precipitate and remove calcium/and magnesium hardness very effectively. The reactions 
areasfollows:  ~ ‘ y ; — 


3Ca(HCO,), + 6NaOH = 3CaCO,.1 +3Na,CO;4.6H,0., 0.9 (88) 


3CaCO; + 2Na3PO, = Ca,(PO4)) | +2Na,CO3 ‘oar | 
Mg(HCO;), + 4NaOH = Mg(OH), | +2Na,CO, +2H, : 1.(8.10) 
3MgSO, + 2NayPO, = Mg; (PO,), 4 +3Na,SO, Bil) 
The arrangement of hot lime-soda process with fil 


| 
[. 
| 
| 
| 
| 
| 
| 
| 
I 


tration is shown in Fig. 8.5. The raw 
make-up water enters through a float controlled regulating valve and then Passes Over vent 


condenser and then sprayed into the reaction chamber. Water is heated by spraying itinto th 

upper steam space. The proportionate amount of lime and soda.is fed to the Real ‘ ‘ 
mixing zone, Chemical Teactions already described take place almost instantly. The ae 
are collected in collecting cone at the bottom and discharges to the sewer pesiodaterahe 
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softened water leaves the settli zi 
polishing. ing tank and thenis further fed to the anthracite filters for further 
'\y4 Valve open 


Inlet control : ; 
Vent\condenser 4 Valve closed 
‘ bettie alve clos: 


y 


Treating 
Steam supply 


tower 
Wash water return 
Treated water outlet 


inlet Wash water to filters 


Sludge 


1 Sludge 
= blow off 
. ; Treated 
To waste ee 
Wash pump ek 


~ Fig. 8.5 Hot lime-soda process: 


¢ Advantages : 
(1) The silicais effecti 0 
(2) Itis capable of treating large quantitie 
(3) Itis more economical. « ° : 
das the precipitate is larger in size and settles 


vely removed from the water. 
s of water in a relatively small unit. 


(4) The size of the settling tank is reducet 


more quickly. 

¢ Disadvantages : op) ; 
(1) Use of this methods limited to only low hardness .water. 

(2) The softened water must be filtere 


water. 0 
(3) Controlling of hot processis difficult, 
(4) The removal of the precipitate formedis difficult, 


d before use to avoid to carry the precipitate with 
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8.9 Zeolite treatment 


ite is either a na 1 f aterial that has property of being able toexcnang' 

Zeol ce r 
ite is ei tural or an arti icial m: : eS 
its base. In the natural form, it is green sand. The most used form is sodium zeolite, 


ium i i i ressure 
i implified symbol is NajZ. Sodium is much like an aoiaiai P 
an + a lite supported by layers of graded gravel lying over a water. 
filter, holds a bed of active zeolite s 
distribution and collection system. 


Hard water in —= 


C44 
yyy] 


- Zeolite bed 


SSS) 
SSSS 


Ramee 


AS 
Bena 
Soe 


Rewer 
re 


RRRRRAI 
ROSS 


RRR 


4 
WN 
SENNA 


RRR 


Injector —= 


Gravel 


NaCl 
solution 
storage 


=> Soft water 
out 


Fig. 8.6 Zeolite softner ; 
The zeolite softener is shown in Fig. 8.6. The water sprayed at the top of the shell flows 
downward through the zeolite bed and the hardness of the water is removed by.ion exchange. 
The chemical reactions can be written as : “aio 
Ca(HCO,), + NajZ = CaZ + 2NaHCO, 

CaSO, + Na,Z=CaZ +Na,SO, 

CaCl, + Na,Z = CaZ + 2NaCl 
Similarly, the hardness of carbonates and sul 


phates of magnesium, iron, Manganese can 
be removed by sodium zeolite treatment. i 


The hard water flows through the Zeolite bed and emerges as soft water, The zeolite is 


NaCl solution). The regeneration 
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pr 


bi 


eed water treatment 
process ingivenby ite following equations 
CaZ + 2NaCl = 
aCl Na,Z ee CaCl, 


MgZ + 2NaCl = Na,Z + MgCl 
2 


Water containing suspended impuriti he 
svi blork the pores of zeolite and make soole hace ee aaaatice mi 
vremoved before passing water throu a gg inactive. Hence, suspended impurities must 
+ Advantages : sa j , 
(Itis very effective in removing hard: 
: ardn 
(2)Itis easy and inexpensive in hae, 
(3)N6 problem of filtration of softened w: ’ 
; ed wat . 
(4)It is compact and occupies less space. pee 
e Disadvantages : : 
(1)Filtration of turbid water (containing sus ipuritiés)i it citi 
ning su 
ensol shecnishitis prooeas, g sponded impurities) is required before itis 
(2) Water of high or low PH value has deterious effect on zeolite. 
(3) Treated water contains more sodium salts. 
Itis always desirable to use zeolite process in combination with lime process when the 
bicarbonate hardness of the water is high. : shih 


3.10 Demineralization plant or Ion exchance process 


The mineral content of water may be removed by evaporation or by series of cation and 
anion exchangers to produce essentially distilled water. Demineralisation is often the most 


economical method of producing make-up water for high pressure boilers. ma 
The arrangement of catexer (acid-regenerated cation exchanger) - Anexer (caustic- 


soda-regenerated anion absorber), with degasifying tower and silica absorber is shown in Fig. 


[June 711] 


In this system, raw water is first passed through a weak acid cation exchanger to remove 
thebicarbonates. Water coming outcontains dilute carbonic acid, hydrochloric acid and sulphuric 
acid. The water coming out of catexer is passed through ‘Anéxer. In Anexer, anions such as 
chlorides, sulphates and nitrates are removed fgom water with certain resinous materials (RCO;). 
Anexeralso exchanges acid radicals as given by the followingequation 3): 0%,’ 


2HCI+ RCO; = RCl,:+ Hey 2 
is practically free from dissolved solids. 


xer and Anexer 1 
irculating the solution of NaOH or Na,CO, through 


The water coming out of Cate 

The reactivation of anexeris done by ¢ 
the Anexer bed. The chemical reaction is given below a ; (a 
Ric, + NagC0, = RCO, + ANIC. oi ngs 


M_pps16_26 
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R4NOH (strong anion exchange material) + H,SiO, = R 4NHSiO,+H5,0 


Strong base anion exchangers are specially designed toremove dissolved Silica, Wa 
¢ Advantages : 
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a» | © Disa 
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«8.11: R 
' ) Re 
| small 
z i m a 
Degasifier | fro 
| Princi| 
| ae 
semipe 
the sal 
proces 
\ theco 
Soft I 
water out > syster 
pass { 
Raw : : | conce 
water mn Air blower &) ae fe 
oes - ‘Airin’ > B proce 
This] 
Fig. 8.7 Demineralizing process 
The water coming out from Anexeris passed through a degasifier tower. This degasifier 
toweris filled with porcelain packing. Water is distributed over very large surface area provided | 
by the packing asit flows downward through the tower. As the water comes in contact with | 
low pressure air blown in at the bottom, CO, is liberated and is vented from the top of the 
; ; ; il | 
tower. The degassed water containing about 2 to 5 ppm CO, is collected in the sump as | 
shown in Fig. 8.7. The water is then passed through strong base-anion resin tower. This resin) Sa 
reduces the silica to 0.02 ppm. The reaction is given below : | | s° 
| 
| 


d helps for the productio 


ei Tet 

v n of higher quality steam: 
(2) It supplies the purest quality feed water irrespective of flow arate and is aly ee 
(3) Itcan supply high quality feed water for the period needed to bring about . der! a 
shutdown to repair the condenser, a 
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e Disadvantages : ; 

(1) It’s equipment costis high. 

(2) It’s operating costis high. ged : 
8.11 Reverse Osmosis process oo [May 713] 


Reverse Osmosis (RO) is a pressure driven membrane process capable of removing 
small particles, dissolved salts and low molecular weight (100 mol. wt. cut-off) organics 
froma feedwater stream. 


Principle: wae ’ a 

If two aques solutions containing differential salt contents aré kept separated by a 
semipermeable membrane, the system develops an inherent tendency for water molecules(not 
the salt) to permit across the membrane layer to dilute the more concentrated solution. This 
process is called osmosis. The driving force per unit membrane cross-section, dependent on 
the concentration difference, is the osmotic pressure. ay : oe 

However, this natural process can be reversed if some external pressure higher than the 
system’s osmotic pressure is applied on the concentrated solution side whereupon water will 
pass from the more concentrated solution, through the membrane boundary, to the less 
concentrated solution. This is the working principle of reverse osmosis. * ; 

If one compartment contains pure water and the other galt or mineral-rich water, the 
process of reverse flow will produce pure water, since the membrane is not permeable to salt. 
This principle is shown in Fig. 8.8. sett Flite i oo OMA roams 

: Pressure «; ‘ N 


Pure Salt Semipermeable 


Salt i able ; 1A 
poe ae . water ‘-solution : membrane 


solution membrane . 
Fig. 8.8 Principle of Reverse osmosis 
Working: i oy 
Inactual practice, RO devices employ 
method uses a pressurized feed stream which 
portion of this feed stream passes 
stream known as the reject or con 
patticles from the membrane surface. vpn LO 


centrate provides a contin’ 
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crossflow filtration as shown in Fig. 8.9: This 

flows parallel to the membrane surface. Only a 
through the membrane as permit and the remainder of the 
uous sweep of rejécted ions and 


Gesescae: 


ass : ‘ : “| from m 
Membrane — ~ Purified water out materi 
plastic 
SOON pe take 
! 1 
roi oe Unwanted __.- —= Concentrate stream 000 
Feed water in —= —" molecules 2,0" 
sv ; distill: 
: Fig. 8.9 RO cross flow filtration | 2° Ae 
8.12 Sea water treatment using reverse osmosis ,, [June *11, Dec. °11] ( 
jot The ‘arrangement of sea water treatment using reverse osmosis iS shown in Fig. 8.10, 
Dependin g upon the clarity. of the raw water, pretreatment of sea water is required before 
passing through RO systems. First chlorine is passed through the water to oxidise organic 
products and kill marine life. The aluminium sulphate (coagulant) is added to water inorder to 
precipitate colloidal. material and colour. Then H,SO, or HClis added to reduce the pH 2D 
value to about 6 and suppress calcium carbonate scaling. Then water is passed through sand 
filters and activated carbon filters, where itis filtered. The chemical treatment is further carried 
out to suppress carbonate sealing by adding sodium hexameta phosphate (Ns4SO*) Finally 
water is passed through 5 pm cartridge filter to remove remaining Sus: fed maiter. The}: 
water is then pumped through RO system with the help of high pressure pump to et Pye 8.1 
water for boiler feed. Generally, the pumping pressure in the range of 25 bar to’80 bar is used. 
Asarough mule of thumb, there is about’7 kPa of osmotic pressure is required for every 100 
ppnvof Total Dissolved Solids (TDS). ae for 
ee et ; eirire j j ME ite Ter 
tees Media filter RO Permeator 2 
ooo an! : 
Coagulant ai Cartridge 
‘oagulant aid filter fre 
Wi 
ag 
th 
Cc 
" pressure B 
¢ 


pump storage 


‘ 


Fig. 8.10 Sea water treatment using RO 
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> Membrane a RO system consists of a polymeric material film made of properporosity, _ 
from materials like acrylics, polyamides, aramids, etc. Special attention is needed to select the 
materials for construction of various parts as sea water is highly corrosive. Glass-reinforced 

; plastic, cupro-nickel, monel and nickel alloys are generally used. In addition to this, care must 

"> be taken in siting the sea water intake to avoid ingress of silt and weed. 
This method can be employed more economically in the range of dissolved solids from 
2,000 ppm to 10,000 ppm or more. This process may be more competitive with thermal 
distillation for the conversion of sea water into boiler make up feed <— 


¢ Advantages of reverse osmosis system : 


(1) (1) It is the most efficient means for removing salts, chemical contaminants and heavy 
metals such as lead from water. 


10, 
ore (2) Itis less expensive than demineralization forw: waters with total dissolved solids: of 200 
nie ppm or more. on 
rto (3) Itis simple to operate and maintain; ~~~ 373-527 
pH ° Disadvantages : = 
ind (1) It requires periodic membrane cleaning. _ sepia 
ied (2) It's membranes need to be changed every one to three years ae ding on water 
lly quality, size of the system and pretreatment, ey on 
& (3) It’sinitialcostishigh. Sieg anes ee 

Ri os aie gee peta tee 
,..{ 8.13 De-aeration Vp pememeetee TSIEW S T 

re Arecoennt.-tew TDS iT 

d rs 
pe The dissolved gasses in water like O., co, ’ HS, air, and other gases are e responsible 

for corrosion since these react with impurities and form acids. Therefore, these gases are 


removed from water before supplied to the boiler by the method of thermal treatment. 


Deaeration is the process of removing dissolved corrosive gases ( ay and: C05), 
from water. This process is also called-degasification. unite corrosive ati make ‘the. 
water corrosive as they react with metal to form iron oxide..{ i igowlD 
The removal of gases is accomplished by heating the ee 105. 110°C: with sie 
agitation during heating. The simple heating removes the dissolved gases from water because - 
the absorbing capacity of water is reducedat hi gher temperatures. 
fe The arrangement of tray type deaerator is shown in Fig. 8:11. Tt consists ‘of adeaeratot 


column fitted on the top of the storage tank. The deaerator column is hollow cylindrical vessel ® 
provided with horizontal perforated trays, water distribution device at the top, and steam 
? Ley ete t Tonk DInws ILD Yeesitt 


distributor atthe bottom. . sik tana 
#9 LUNI" BVA OT FOIETISID 1c s auch cine! 


ou enn} 
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Deaerator column 


Boiler —> 
feed water in 


Perforated trays 


Treated water -_-= 
* to boiler 8.18 


8.16 
Fig. 8.11 Tray type deaerator \ 


Feed water enters the deaerator from the top andi is evenly distributed by means of the | 
distributing device into the perforated trays fitted at the bottom. Water fills the perforations| 8.2 
(dia: 5-7 mm) and rains down and comes in contact with heating steam delivered into the 
lower portion of the deaerator column through the steam distributor. As a result of heat exchange 
between the steam going up and the feed water stream flowing down, the water getsheatedup| 8.2 


toits boiling point and the gases (O,; CO,,}) dissolved in it are transferred to the gas phase. | 
These gases together with non-condensing vapour are vented into the atmosphere through a E 


vent valve or pass into a yent condenser where the steam is condensed and the Pe and CO), 1. 
are vented. 


The deaerated water i iscollected in the storage tank which is fitted with gauge glass and) 
‘pressure gauge to avoid the formation of high pressure or vacuum in the deaerator. - 

With this type of deaerator, the oxygen content can be reduced below 0.005 CC py 
litre, As CO. 


'2 is also removed, the increase in pH value of water ralso give an indication of 
deaeration efficiency-— 


3 


8.2 
8.3 


8.4 
8.5 


reed water treatment ° 


3.1 Whatare the basic objec; 


-391 


tives of feed water treatment ? 
Taw water ? 


“Feed water treatmen 


What are the impurities i 
Explain the necessity of 
in feed water ? 


Explain the effect of impurities in boiler feed water. 


Explain the terms “Primi get F 
Explain theeffects of dene ee i eevee 2 What are its effects on boiler? 
Explain the mechanism of: Scale formation s ae 
What do you understand by caustic enstibians ea 
What is pH value ? How is it controlled in an = 
oa oe ag PH’ value. Why boiler feed water should be preferred with 
What is the role of ; 
What is internal ie ares vac : i 
Whyiatelaoiitr phowrhastn water ? How isit done ? 
: jected into the boiler drum ? 
What is blow down ? Why is it needed ? ; 
What do you understand by external treatment of feed water ? 
Write short notes on Hot soda lime treatment for feed water. 
Explain sodium zeolite feed water treatment in thermal power plants with diagram. 
Explain Demineralization plant with neat sketch. ,.._- - pwall 
State advantages and disadvantages of demineralization plant. 
Explain the principle and working of a reverse osmosis plant for feed water treatment. 
Explain the term pH value of water and its importance in feed water. Explain sodium 
zeolite water treatment method with diagram. . F 
Explain sea water treatment using reverse osmosis process. 
Explain the role played by “oxygen” in corrosion of components in power plant 
equipment. How “oxygen” can be scavenged ? 
Write short note on deaerator. 


tt”. What are the major impurities present 


Objective Type Questions 


i i inly for removing troubles. 
Inboilers, the feed water treatmentis done mainly 
(a)corrosion _(b) scale formation (c)embrittlement (d) all of the above 


tion in boiler 
en a psa rate -(b) raises the temperature of the metal wall 
flow area (d) all of the above. 
specs tae ater particles with steam as it leaves the boiler. 


: j Iw 
me a er Sas (c) Carry over (d) All of the above 
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1.(d) 
11. (c) 


-(a)Foaming — (b) Priming 


Te ae a ‘ a 
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‘am while it leaves the boiler. 


: is the passing of dissolved solids with ste 
( (c) Carry over (d) Allof the above 
oN ing hi alkaline water. ’ 
is caused by using highly alkali eee oh oe 


(a)corrosion —(b) embrittlement : ary 
Embrittlement is not caused by following condition: 
ns dissolved oxygen and CO. 


(a) when the boiler water contai: : 
(b) when the boiler water contains free hydroxide alkalinity. — : 
(c) slow leakage of boiler water through a joint. 

(d) boiler metal is highly stressed at the point of leakage. 

The pH value of feed water should be maintained greater than __ 


(a) 9.6 (b) 10.6 (c) 7 (d) 6.7 | at 
is added to boiler drum when alkalinity of boiler water 


to reduce corrosion, 


eae ee NO MY 


To avoid scale formation 

is low. : 

(a) disodium phosphate (b) mono-sodium phosphate 
(c) trisodium phosphate (d) sodium carbonate 


Blowing down of boiler water is the process to” 

(a) reduce the boiler pressure { 

(b) reduce the boiler temperature DORI NaH sii: 
(c) increase the boiler pressure 7) 8 8 ies a 
(d) control the solid concentration in th 
concentrated saline water. © ‘ ; 
The following is not true for hot lime soda process °~ 

(a) calcium hydroxide and sodium carbonate are used as treating elements. 

(b) It is suitable for higher hardness water. is ‘pial 
(c) the softened water must be filtered before use. Weunlgys 
(d) Itremoves silica very effectively. - = 

Deaerative heating is done to bi 

(a) preheat the water ‘ -(b) preheat the air 
(c) remove dissolved gases in the water’ (d) heat'the air in the water 


boiler water by removing some of the 


Answers — 
2. (d) 3. (b) 4. (c) 5. (b) 6. (a) 7, (a) 8 (c) 9. @ = 40: @) 


a : 
ma is) 


Scanned with CamScanner 


Chapter 9 


9.1°~ Introduction 

9.2 ~ Basic working ‘principal of gas turbine 

Advantages and disadvantages of gas turbine & 
9.4 Applications of gas turbines . ‘ sient 
9.5 .. Classification of gas turbines, sagt Why 

9.6 Simple open cycle gas turbines ; i 

9.7 Closed cycle gas turbine oe : 

Comparison between the open cycle, and closed cycle gas yturbine 

9.9 Gas turbine fuels , piney , 

9.10 Ideal Brayton cycle es 

9.11 | Work ratio and air rate ly axe 

9.12,. . Actual Brayton.cycle F 
9.13 _, Optimum,  BrasEare ratio for maximum work output 
Optimum pressure ratio for maximum, thermal efficiency . 
9.15 Effect of operating variables on ‘thermal efficiency 
9.16. . Effect of operating variables on air rate ___ 


9.17. Effect of operating variables on work ratio. 
Means of improving efficiency and apa work ouput of simple open cycle 


hase out 
n 4 


- gas turbine 
iss 


9.19 Effect- of various: : modifications 
9.20 Water- injection Ag 
9.21 _ Combustion chambers > 

9.22 Combined steam and gas-turbine power plant 

9.23 Different arrangement of combined cycle power plant 
9.24 Thermodynamic analysis of combined cycle 

9.25 Gas Turbine’ blade cooling 


9.1 Introduction 

“A gas turbine i is the’ most satisfactory way of producing large power in compact unit, 
In gas turbine power plant, a gas turbine is used as the prime mover to produce mechanical 
energy. In the gas turbine power plant, the working medium iseither a mixture of combustion 
products (air and fuel) or heated air at a certain pressure and a higher initial temperature. The 
gas turbine obtainis its power by utilizing the energy of burnt gases and air which are athigh : 
temperature and pressure by expanding through the several rings of fixed and moving blades. 
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The simple gas turbine plant consists of (i) acompressor, (iia combustion chamber and (iii) a 
gas turbine. a shal yee oe ; 
The basic principle on which a gas turbine works in similar to internal combustion 
engine. In both the cases air is made to enter the prime mover which compresses and then 
heated by combustion process. Hence pressure and temperature of working fluid is increased, 
This high pressure and temperature working fluid is then expanded in the prime mover. The 
expanded products are discharged through the exhaust. However in the case of internal | 
combustion engine is reciprocating machine in which cliarge induces into the engine cylinder 
intermittently. In case of gas turbine, flow of working fluid through the rotary machine (gas | 
turbine) is continuous and smooth. With respect to design, a gas turbine is quite similar toa 
steam turbine. In the turbine blading working gas expands and the heat energy is converted 
firstinto the kinetic energy and then to the rotary motion of the turbine shaft. However, in | 
steam power plant the products of combustion do not form the working medium. These are 
utilized to produced an intermediate fluid (steam) which is expanded in the steam turbine. 


} 


G 
9 
cg 
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9,2 Basic working principle of gas turbine 


In a gas turbine first air is obtained from the atmosphere and compressed in an air 
compressor as shown in Fig. 9.1. This high pressure air is then passed into the combustion 


Fuel 


Combustion chamber 


Gas turbine ' 


wy 


Compressor 


~ Electrical 
generator 


x 


NSS 


. Exhaust, ae 


gases out’ 
Fig. 9.1 Simple cycle gas turbine power plant — 


poe where it is heated due to combustion of fuel. The product of conbostion (hot gases) | 
ee ote oud fet eect passes through the passages formed by the stationary and 
g blades of gas turbine. A jet of hot gases is made to flow over ri sim 
ft f blades impartin; 
rotary motion to the shaft of the turbine. A lar; ie Aad 
, ger part of the power developed by th i 
rotoris consumed for driving a compressor which ies ai Pen )eRD TE 
rd supplies air under press i 
chamber, while remaining power is utilized for doing the external a aE semnbustion 
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93 Advantages and disadvantages of gas turbines : 


dvantages and disad ‘ 
aa vantages of gas turbines over steam turbines 
Advantages : 


is simpler i ion si 

® Cee eee there are no boilers, no condensers, feed water supply, no 
turbine. A gas turbine i nts t and space of gas turbine are less than those of a steam 
hence lower capital costs, i a turbine of the same output and 
)) The handli ; ‘ : 
@ ie helaes ash ‘ a major Problem in steam turbine plants which complete 

ii) Itcan be reid inthe © Bas turbine plants using gas or liquid as fuel. 
i) 1 the region where large amount of water is not available for steam 

power plants. ; 


(v) Gas turbine power plant can be installed near to load centre since open cycle gas 


turbine, no cooling water is required and cubic capacity of the buildings required for 
gas turbine plant is about 50% of steam plants. 


(v) The delivery and installation time for gas turbine power plant is much less than that for 
steam power plants. 


(vi) Suitable blade cooling permits the usé of high gas turbine inlet temperature (as high as 
1300°C) yielding a high thermal efficiency (about 37%). 
(vii) The gas turbine exhaust can be used to produce process heat for various uses. 
(viii) gas turbine plant can be used in conjuction with a bottoming steam plant in the 
combined cycle mode to yield on overall fuel to electricity efficiency of 55%. 
(x) The gas turbine plant can be started quickly and can be put to share full load within a 
few minutes. _: 
(x). Gasturbines may be operated by remote control and needittle or no personnel while 
operating and while shutdown. 
(xi) The gas turbine plant uses fewer auxiliaries than the steam turbine plant, therefore, 
small size of the gas turbine components enables complete work tested units to be 
transported to the site. : 


Disadvantages : 


@) The gas turbine unit has got starting problems as the compressor has to be started 
before starting of turbine and the former requires power from some external source. 

Gi). The temperature of combustion chamber is quite high and therefore its life is 
comparatively reduces. ; Se 

(ii) High air rate is required to limit the maximum gas turbine inlet temperature as a result 
of which the exhaust losses are high unless the waste heat in itis utilized. 

(iv) Larger part of the turbine work available from turbine is used up in driving the 
compressor. Hence the net work available is less. b 


 (\) Part load efficiency is low. Also, plant efficiency is highly sensitive to component 
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= Y, combustion chamber 


efficiencies like turbine efficiency, compressor efficien 


efficiency, etc. ; i 
ur i on engine 
(2) Advantages and disadvantages of gas turbines over internal combustl gin 


Advantages: : iprocating parts, the 
i Te es ita eee! itn sad eal ail aoe 
(ii) Laren ssn iene pata easier to maintain. The maintenance costs of gas 

turbine is less (about 60 %) compared to diesel en gine power susie (wy , 
(ii) High specific power output and weight of gas turbine plantis much ing ae ah 
LC. engine plant. The weight power ratio of gas turbine plant is about U. p 
ile it is 0.5 k for I.C. engine. js . 
(iv) cae a meat of gas turbine is very less compared to that of Lc. engine. , 
absence of radiator is a big advantage in case of automotive use of gas turbine. 

(v) Thecapacity of LC. engine is limited due to detonation or knocking and low volumetric 
efficiency at high speed. The capacity of gas turbine can be increased with use of 
highly developed materials (i.e. high inlet temperature) of gas turbine). 

(vi) The gas turbine requires less lubricating oil as compared to diesel engine power plant. 
The cost of lubricating oil in case of gas turbine is about 0.5 to 1 % of the total fuel 
cost while it is about 10 to 15 % that of for diesel engine. : ; 

(vii) The closed cycle gas turbine makes possible to use any fuel ranging from kerosene to 

‘ “heavy oil and even peat and coal slurry. 3 j 
(viii)A gas turbine plant can be used in conjuction with a bottoming steam plant in the 
combined cycle mode to yield on overall fuel to electricity efficiency of 55%. 
(ix) The mechanical efficiency of gas turbine is more than that of for LC, engine. , 
Disadvantages: : : 


(i) The thermal efficiency of simple gas turbine plant is lower than that of LC’engine. In 
; order to get efficiency that of I.C. engine gas turbine should be provided with additiv. *] 
auxiliaries such as intercooler, regenerator and reheater. Resul... tincomplex sy“ m 
and higher costs of plant. é 
(i) The gas turbine is high speedengine and hence it requ: :cs reduct... 
7 span the rorational speed for industrial applications 5 ah ; 
di) : = temperature of combustion chamber is quite high‘and therfore its life is 
“ pmeonaee Also, the cost of manufacture ofa gas turbine plant is higher 
eat res i i i 
oe istant materials and special manufacturing process used for 
(iv) High airrateis Tequired to limi i ' . 
; mit the maximum inei 
of which the exhaust losses are high unless te ser ine nah ees Tee 
‘ NS Mitis utili i 
(v). Part load efficiency of gas turbine is poor, Also, plantefficiency j ha mt 
component efficiencies like turbine efficiency, com; 2 ey wre a 
chamberefficiency, ete » Compressor efficiency, combustion 


“ito 


{ 
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(vi) The gas turbine plant is not self starting unit. Also, it has 
compressor has to be started before starting of turbine an: 
power from some external source. 


9.4 Application of gas turbines 


The continued developments in gas turbine materials toward increasing the turbine 
inlet temperature and improving the componentsefficiencies over the past decade has enlarged 
the spectrum of gas turbine applications to area such as power generation, utility industry, 
space, marine and automotive propulsion etc. The main reasons of such a wide popularity 
being employed by the gas turbine is its advantages of simplicity, high power/weight ratio, 
smooth running, less maintenance, multi-fuel capability, suitability for combinedcycle and 
reliability. ; : ; 

The gas turbines applications can be divided in the following categories 

(1) For electric power generation : The gas turbine are very popular for electric power 

generation because of the ability of starting and brought upto full load quickly and less cost of 

installation and maintenance. } 

— Majority of the gas turbine power plants are used for peak load service with other types 
of power plants (steam and hydro power pl ants) in , 

— A large number of gas turbine plants is also used as stand by power plants in hydro- 
electric power plants. agente csiipeyye 1a : ' 

_ — Gas turbine power plants are also used as base loa: 
natural gas are cheap and easily available, water supp! 
low (15-18%). gptierse Le 

-. Nowa day gas turbine plants are use 
plants, called as combined cycle power plant. i i ; 

(2) For jet propulsion engine : Every turbojet and turbo-propeller engine has a gas turbine. 

The turbine supplies power only to drive the air compressor in the turbojet engines while in 

turbo-propeller engines they may drive the propellerin addition tothe compressor. © 

(3) For supercharging : A small gas turbine run by the hot exhaust gases which is used to run 

supercharger (compressor) for aviation gasoline engines and fot heavy duty diesel engines: 

(4) For marine field : A gas turbine can be also used for:propulsion of ships or power 

generation on the ships: “ ee a nif 

(5) Railway and road transport : G 

speeds road vehicles like racing cars. CUSNTTNG 

(© Industry : Gas turbines are also employed for industrial applications like blast of air for 

‘ustries. Gas turbine is also used to 


blast furnace in steel industries, oil and other chemicalin: 
supply preheated combustion air, hot gases foran industrial process i petrochemical industries. 


9,5 Classification of gas turbines TT eae nl 


The gas turbine can be classified as follows ; nilonmiaini ahw a! eo stern’ i 


d. power plants where fuel oil or 
ly is scarce and load factor is very 


d to. operate as combination plants with steam 


as turbine «1n be also used forrail propulsion and high 
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(1) According to types of combustion process A : rbin 
(i) Constant volume or explosion type gas turbine : Thi ated ogee? 
works on Atkinson cycle in which combustion of air fuel mixture is ms ioeliatenén 
volume. In the constant volume combustion process, the fixed volume of ai Eelam 
constant volume, hence air and fuel mixture hewmen ar ere ihereniy 
by val vasa si et eee ares of turbine has better thermal efficiency than a 
a tina eee = turbine. The main disadvantages of this type of gas turbine is that 
Ponstant pres ee system and pressure difference and velocities of hot gases are not 
Hate aie speed fluctuates. The constant volume combustion type gas turbine is not 
i ical use. 7 
slg ee volume gas turbines are absolute in use. Therefore, in this chapter we 
ill discuss only constant pressure gas turbines. 3 . . 
si (ii) Constant penta or continuous combustion type gas turbine : This typeof | 
gas turbine works on Brayton cycle in which combustion of air fuel mixture is takes place rs 
constant pressure. 
(2) According to direction of flow : | 
(i) Axial flow gas turbine : | 
ii) Radial flow gas turbine ‘ 
(3) According to action of expanding gases 
(i) Impulse gas turbine 
(ii) Impulse- Reaction gas turbine 
(4) According to path of working substance f ; 
(i) Open cycle gas turbine plants: In the open cycle'gas turbine, ambient air enters | 
at the compressor and after the compression of air, fuel is burned in the air itself to raise itto | 
ahigh temperature and then product of combustion are passed on to the turbine for expansion 
and which after delivering the work are finally réjectéd to atmosphere. In the open cycle the 
working medium is continuously replaced by fresh air and fuel. 1 
(ii) Closed cycle gas turbine plants : In the closed cycle gas turbine power plant, 
the same air or the workin g fluid is circulated over and over again. The working medium is not 


mixed with the fuel, butit is heated by the burning of fuel in a separate supply of airin the | 
combustion chamber and transferring this heat to the working fluid which passes through tubes | 
fitted in the combustion chamber. The working fluid does 


products of combustion. 


-closed cycle gas turbine plantis 
of working fluidis recirculatedto | 


ii Si . . . , s 5 soe 
(ii) Simple cycle with intercooling : In which the airis cooled between stages of | 
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en 
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Pe a et oko oven) 


Pe 
compression. : ‘ig 
ii) Simple cycle with Tegenerati 
help of exhaust gases coming from oa, 
(iv) Simple cycle with 
JS ceeraes Teheating : I ; 
nsion in high “neating : In which : 
expal ne aa pressure turbine is reheated in s combustion products (gases) after part of 
expanded in the tow pressure turbine. cond combustion chamber and then itis 
(v) Simple cycle with intercooling, regenerati 
(9) According to shaft configuration » Fegeneration and reheating 


on :In whic . 
A which the air after compression is heated with 


i) Singl ine Y 
(i) Single shaft engine : - Examples: Turbojet engine, Turboshaft engine 


(ii) Multi-shaft engine : - E 
. fr + - Exam, . : : 
engine, Industrial slit shaft engine, Tyliaorlas rag engine with power turbine, Turbojet 


() According to applications 
(i) Power or industrial gas turbines 
(ii) Aviation or aircraft turbines 


9,6 Simple open cycle gas turbine [Nov. 714] 


lB ee cycle gas turbine consists of a (i) compressor, (ii) combustion chamber 
In the open cycle gas turbine, ambient air enters at the compressor and after the 
compression of air, fuel is burned in the air itself toraise itto a high temperature and then 
product of combustion are passed on to the turbine for expansion. After delivering the work 
combustion products are finally rejected to atmosphere. In the open cycle the working medium 
iscontinuously replaced by fresh air and fuel. It works on the Joule cycle or Brayton cycle. 
Aschematic arrangement for simple open gas turbine plantis shownin Fig. 9.2. The 
airis sucked in by the compressor from the atmosphere through the filter which removes the 
dust from the air. The rotary blades of the compressor push the air between the sfationary 
blades to raise its pressure to 4-5 atmosphere. Hence airis available athigh pressure at output 
en high pressure air passes through combustion chamber, in which heat 


of the compressor. Th 
added to the air at constant pressure by burning the fuel and raises temperature (about 1650°C) 


of working medium. This high temperature must be brought downto alevel so that the thermal 
stresses in the turbine blades do not become excessive. This is achieved by allowing the 
remainder air to enter the combustion chamber at downstream to mix and cool down the 
combustion gases. The products of combustion comprising of mixture of gases ati ‘see 
and temperature are passed through the gas turbine. These gases in passing over the _ ine 
blades expand and thus resultin motion of rotor and finally discharged to the atmosphere at 


the temperature about 540°C. 
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Fig. 9.2 Schemati« diagrar apen cycle gas turbine Mert } bi 
Advantages of open cycle : fe rou SiEpETIIe, OQ ' el 
() Simplicity : There are onl; few rotating parts as turbine, compressor anc gear tren j ia 
driving the auxilliaries. Hence problem of vibrations and lubrication isnc soseyere, | is 
The ignition systemis also simple compared to closed cycle. | ic 


(i) Flexibility : Since different processes within the cycle take part in separate copon:  s, c 
a great variety in the arrangement of the systems possible. _ 

(ii) Low weight and size : The «eight in kg. per kW developedisless. ; ; 

(iv) Independent system: ¢- «cy: "2 gac turbine power plant, except those {, ~ 4 
intercooler, does not require cov'ling water. Therefore the plant is indepenaent of ] 
cooling medium and becomes self-contained. d : ; | 

-(v) Fuels : Almost any hydrocarbon fuel from high octane gasoline to heavy diesel oils | . 
including some solid fuels can be burned in the combustionchamber, Ly 

(vi) Warm-up time : After the turbine has been brought up to speed by the starting motor| 1 
and the fuel ignited the gas turbine will accelerate from cold start to full load without | 

a warm up time. This is particularly important in stand by emergency plants. 


Disadvantages of open cycle : 


(i): Part load performance : The part load efficiency of the opencycle plant decreases 
rapidl yas the considerable percentage of power developed by the turbine, is usedto 
drive the compressor. Also the system is sensitive to the changes in component 
efficiency, i ( He brg 
(i) Sensitivity : Since system sensitive to the component efficiency, particularly that of| 


a ss efficiency of compressor is affected by change in the atmospheri| 
ions such as temperature and humidity of ai inlet and i 
ea ot y of air at the inlet and foreign matte! 


(ti) High air rate : The simple open cycle gas turbine has a very high air rate as compare! 


NM 
he 


Scanned with CamScanner 


Gas Turbines 
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i 
a ever, the ai ercooling and 
Ir rate. may. .be lowered by int ling 


: : mpre: : 

deposits from combustion in Gens ssor blades. Due to carbon and other foreign 
necessary that the dust should b: ombustion chamber, turbine and regenerator, itis 
order to minimised erosion aeeh alse from entering into the conipressor in 
compressor and turbine, positions on the blades-and passages of the 


(y 


LS 


Inthe simple open cycl 
, le, the turbine is di ced i mi 
iewextatreGuten: Fresienntae bon is discharged into atmosphere. Since 


9.7 Close deytle baT taxhine capling in loss of heat. 
: d \ [May 712] 
As we know that in open : . F 

combustion chamber and se aad rece ea the fuel is mixed with airin the 
erosion an d corrosion of turbine blad xpan ledin the gas turbine which causes 

‘vin th -_ ades and therefore it is necessary to use fuel superior 
quality in the com! uustion chamber in order to minimise erosion and corrosion. This negative 
effect is overcome in case closed gas turbine power plant. In the closed gas turbine power 
plant, the same air or the working fluid is circulated over and over again. The working medium 
isnot mixed with the fuel; but itis heated by the buming of fuel ina separate supply of airin the 
combustion chamber and transferring this heatto the working fluid which passes through tubes 
fitted in the combustion chamber. The working fluid does not come into direct contact with 
products of combustion. The other disadvantages of open cycle plant is thatthe turbine exhaust 
isdischarged into the atmosphere resulting in rejection of heat of exhaust gases to the atmosphere. 
Incase of closed cycle these heat are fecovéred in‘a heat exchanger or recooler. 
Aschematic arrangement of closed cycle gas turbine plant is shown in Fig. 9.3. The 
working fluid (air or any other suitable gas such as helium; argon, hydrogen and neon) coming 
out from compressor is heated in a heat exchanger (heater) by anexternal source at constant 
pressure. The high temperature and high pressure air coming, out from the external heater is 
passed through the gas turbine. The working fluid comin g out from the turbine is cooled toits 
original temperature in the heat exchanger (cooler) using external cooling source before passing 
Josed cycle, the working fluid is continuously circulated through 


tothe compressor. In the : os 
sceneaby cooler, heater and turbine without its change of phase, the required heat addition 
ler respectively. 


and rejection taken place in the heater and coo 


The performance characteristics, component elements and analysis for open cycle 
apply equally as well as to the closed cycle gas turbine. As 


BS 
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, Fig. 9.3 Schematic diagram of closed cycle gas turbine 
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Advantages of closed cycle over open cycle: — les [May *12] 


(1) Inthe closed cycle gas turbine the working medium is heated externally and the fuel 
does not mix with it, hence any inexpensive solid fuel such as coal can be used to heat 
* the working fluid. Also need for filtration of the incoming air is completely eliminated, 
(2) They are kept free from the products of combustion. Hence absence of corrosion 
and abrasion of the interiors of turbines and compressors extends the life of the plant 
and maintains the efficiency of the plant constant throughoutits life. 
(3) The working medium is at relatively high internal pressure. So, specific volume is less 
and the dimensions of the compressors and turbines can be reduced and the maximum 
unit capacity can be increased. . 
_ 4). Aworking medium such as helium, argon, hydrogen, neon may be used which has 


very good physical properties compared to those of air. For example thermal |’ 


conductivity of hydrogen is about 6.8 times that of air and therefore requires smallet 
heat exchangers. : : 


(5) The closed cycle can be operated with highest efficiencies i 


cycle plants at an equal initial temperature i i 
of working fl 
(6) The power output at constant came 


Nn comparison to oper 


ave 


2) 


Disadvantages of closed cycle : aa ; IM 


ay “1 
(1) In closed cycle gas turbine considerable quantity of cooling water is required. 


(2) Heat addition to the working medium takes place through heat exchanger, hence full 
heat of fuel fired is not utilized. 


(3) Additional equipments such as externally fired heater, cooler, 
and its operations make additional complexity. 


The closed cycle gas turbine would be preferable over open cycle one only when inferior type 
of fuel or solid fuel is to be used and cooling water at site is available. 


are required, the plant 


9,8 Comparison between the open cycle and closed cycle gas turbines 

Open cycle gas turbine Closed cycle gas turbine 
The working fluidis 
recirculated again and 
again. : 


not recirculated again and 
again. The fresh charge is 
supplied to each cycle and 
after combustion and 
expansion itis discharged 
to the atm. 
Air-fuel mixture 


Working fluid © The working fluid air or 
STS any other suitable gas as © 
Argon, Helium, Helium-CO, 
mixture. etc., can be used, | 
which has more fayourable 
‘properties than air. 

Fuel is not mixed with work- 
ing medium, and heat 
produced by fuel is 


Manner of heat 


I Fuelis directly mixedwith 
transfer ~ 


air, direct heat supply and 
heatis generatedinthe ~ 


combustion chamber itself. transferred to working fluid 
‘ / ©") through heat exchanger. 
iich hi Quality of heat . Trrequireshigh gradeheat | The heat can be supplied. 
herm! i SHO S eae 


input ’ from any source like low 
grade fuel, waste heat, solar 
heat, nuclear heat etc. 

Any type of fuel can be used 
because heat is transfer 
externally 


High thermal efficiency for 
giventemperaturelimits, 
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Type of fuel Terequires high quality oil 
j or gaseous fuel because 
combustion is integral part 
} of the system. 
Lower thermal efficiency for 


given temperature limits. 


combustion products do not 
turbine, and hence blades are | come in contact of turbine 
subjected to higher thermal blade, thus there is no blade 
stresses and fouling. Therefore] fouling and longer blade life 
life of blade is shorter ' 
It do not require heater 
and cooler and 
hence less complex. 


ife 
— directly passes through the 


It requires heater and 
cooler and hence plant 
is more complex large 


Complexity 


Cost 


9.9 Gas turbine fuel i 
The gas turbine engine can be operate with gases, liquid and solid fuels. However this 
statement is not true for all type of gas turbine engine. The selection of fuel for gas turbine is 
dependent on type of cycle, size and length of engine and application of gas turbine engine. 
The most important requirement of a gas turbine fuel are (i) composition should provide proper 
combustion and rapid burning, (ji) the products of combustion should contain a minimum of 
matter which might get deposited on the turbine blades or the heat exchanger, (iii) highest 
heating value per kg or m3 volume specially for aircraft engines. The modern gas turbine are 
normally operated on the following fuels : ts ~ ; 
1. Gaseous fuels : Natural gas, Blast furnace gas, Producer gas, Sewage gas etc. 
2. Liquid fuels : Kerosene, Gasoline, Residual oils etc. . : 
3. Solid fuels : Coal - ; ae 
____ Thesolid fuel (coal) is normally used in closed cycle gas turbine. The main problem 
hee ee fuels He the case of open cycle plants is of reducing the level of flyash in the 
this fits es sane ae ustion chamber so that the blades of the turbines are not eroded. For 
, Ty fo ensure proper cleaning of the combustion gases from fine ash and dust. 


es Line . gas turbine combustor, In other method, pressurized bubbling or circulating 
1, where fuel gas, after itis adequately filtered, expands in the gas turbine, Coals 
ombined cycle power plant. 
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- 9,10 Ideal Brayton cycle 


The ideal cycle for gas turbine is Brayton or Jule cycle. The Brayton cycle has two 
constant pressure and two isentropic processes. Fig.9.4 shows p-VandT-S diagram of Brayton 
cycle. The air enters the compressor at point 1 and is compressed isentropically to point 2. 
The air then enters the combustion chamber where fuel is injected into it and heat is added to 
the air at constant pressure to raise its temperature from point 2 to point 3. The high pressure 
and temperature gases coming from combustion chamber enters gas turbine at point 3 andis 


expanded isentropically to point 4., 


Constant pressure — 
heat addition 


: Isentropic 


compression 


Isentropic 
expansion 


4 
Constant pressure 
heat rejection 


vo SS @y Ts diagram 


Fig. 9.4 Brayton cycle 


(a) p - v diagram 


Process: 1-2 Isentropic compression = 
Process : 2-3 Constant pressure heat addition in combustion chamber 
LSS a = y 


Process : 3-4 Isentropic expansion ous 


. Analysis of Brayton cycle: . 
The analysis is carried out with following assumptions o 4 ial [May 714] 
iblem () Compression and expansion are isentropic. 
in the (i) _ Pressute losses in the system are neglected. _. 
j, Fol (ii) Heat losses in the system are neglected. elon ts 
|dust! (iv) Specific heat of working fluid is taken constant throughout the cycle. 


;. The Considering 1 kg of working fluid, 
Work done by the compressor 


ntw4 

Iuces We =Cp(T, -) 

ati 4 Work produced by the turbine ' 
‘oal 

‘oa Wr = Cp(Ts Ts) | 
sto! Network available for electric generation ! 

satifl 
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Wret = Wr = We 
- = Cp(T-Ty)-Cp (Ia Ti) 
Heat supplied in the combustion chamber 
Os = Cp (Fs -T2) 
Thermal efficiency of cycle 
Net work output _ Whe _ Cp (13 —T4) — C. ‘p (12 
Heat supplied Os Cp (Ts -T2) 


=T;)- 


Thh = 


_(-T)-(-) 
(1; -T) 
_(=-T)-G-f) 
Gah) 
(%-%) - 
s = |-—*+——— 
Nth ey 
yi 


T, ara yet 
For process 1 - 2, eq fe =() 7 
1 Pi 


yl 
.T, =T, (rp) Y 


where /p = pressure ratio 


a Bee 
For process 3 — 4, AP (BI =(r) 7" 
4 4 API 
Ty=T4(1) 7 
Nh =1- aa = y-l 
Ta(%) 7 T(r) 7 
1 (T,-T)) 
Im = Ns da! ‘ 
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The above equation shows that the efficiency of simple gas turbine cycle is dependent only on 
the pressure ratio. As the pressure ratio increases the efficiency of He bot increases. The 
efficiency is independent on the turbine inlet temperature. 


Condition for maximum work : ad 


The net work produced by gas turbine plantis given by 
Wret = Wr “We'= Cp (Ts -T)-Cp(e-) 


Wnret = CpT3 i= ; 


in) 


y-l ie 
—CpT, [Os Y -1} : : 
l(a) r | pecs Ry) (93) 
For given temperature limits (T, and T, are fixed). The work produced by plant becomes 
maximum when ais; 
WW net =0 1 


dr, Nees Ly 


+0=0 


+ [is- a].o-f an 
‘ T_ (me) y_ i - a : 
vee civtional 
T; (yt) 


a ners vt 
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“Tp 

"The above equation shows that the pressure ratio for maximum work is a function of 
the limiting temperature ratio. ' 


Maximum work : 


al sy) 24 ‘ } pf 3 
T; = 
te ) putting into equation (9.3) we get 


The condition of maximum work rp = ( 
: 1 


1 


(= eee ee) ——-- 91 VY 
¥' Jy-l ay a 
(Wret max = CPT ae -<n|(5F ne | 


Fl A 


hovti< 


ial 


“ol BE 


nl 


= OnE VEC] 


' (9.5) 
mperature range (T, and T;), m = is dependent on the limiting 
Now, considering the masses off air and fuel passing throu: 


- é gh the open cycle gas turbine. 
t, mm, =mass of air supp lied to combustion chamber, kg/sec ; 
_ Chg = specific heat off gases . 
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cov 2+ Cyq = specific heat of air’ i Soa 
“Wr = (mg +m7)Cog (3-7) 
We = MaCpa (Ta -T) 
Wret = (Ma + my )Cog (Ty ~T4)— gC pa (Tr -T,) 

Heat supplied tothe combustionchamber | _ 
a Q, = mp XCV XMcoms 

where C V=Calorific Value of fuel 

~ "comb = combustion efficiency 


Neglecting heat losses in the combustion chamber i.e. Neomb = 100% 


“ Q, =m, °C. 


(9.6) 


9.11 Work ratio and air rate 
Work ratio : It is the ratio of net work produced by plant to the turbine work. The work 
ratio represents the amount of net work generated by! the gas turbine Plant p = unit turbine 
work output. eo pone 7 TS v 


Wnet = Wr-We 2ycWe 


Work ratio = Wr Wr Wr { 
5 2 : i . ly 
: Leal | 

2 Be ARG, | 

T-T, T= Ty ae 


eee | (9.7) 


} The work ratio increases with increase in turbine inlet temperature, decrease in 
compressor inlet temperature and decrease in pressure ratio of cycle. The compressor inlet 

temperature is always.atmospheric temperature particularly in open cycle and turbine inlet 

temperature is limited by metallurgical considerations. The hi ghest temperature ever used for 


£48 turbine power plants is about 1000 K. 
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Air rate is expressed as 


410 
Air rate : The size of gas turbine plant is dependent upon the rate of ai 
output work. Compact gas turbine plant has a lower value of air rate. 
kg of air per kWhr. 


Airrate is defined as : 


where, m, = 


a 


Solution: Given data : Refer Fig 9.5 ideal Brayton cycle. on T-S diagram, 


P mf bar, Pre 6, T, =18°C =291K, T,= 730°C =1003K, WR= 2, Nn = a xk 
PY . 3 Ue BG CLINT RIO LoS 
Forisentropic process 1-2 0 4...)...;:) 


niere and vel bots ones Wien louimernts sos eigo2 


re ae 3 
1.7, =291x(6) 14. T, = 485.53K 


aichyind by’ 


T, _{ Pp)" 
T, Py 


» Forisentropic process 3-4...) 4.509. yn 
Phu by nd Qe fe Ns) een ot oy gemetig mt wit 
ad a “. T,=1003) — = 663.32 a 


AMY! I 15 vt edit . 
os MS ORFAR 0 One 
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Turbine work output sings t 
Wr, = Cre (Ts =T, )KI /kg of air gt 
=1.1x(1003 — 663.32) =373. 67KI Hig 
Compressor workinput ; | 
Wak Cc ‘ya (Ty — 1,) KI lke of air 
= 1x (485.53~ 291) =194.53k /kg 
Net work output 
A Wher = Wr —We = 373.67-194.53=179 11k kg 
see aban 
W, . 373.67 one 93 
Heat supplied Qs = Cy, (I, -T)=1.1x(1003- 485,53) = 569.217k /kg_ 
Woe 2 179.11 


net 


BBS 


=0.479 


Work ratio. WR= 


e0,5h4by = SL A6% ern Wott Ane 


Thermalefficiency "in =: 0s = 560.217 


Solution: Given data : bene! tay 
=35°C = 308K, Te E715°C= 988K, T, =?.7, = Ma = 
For maximum work, the presure ratio is given by 


“(2D (i FP one ; 
r=) f =7, 8 Ans 
P (2) 308 4 
For isentropic compression process 122: ''- sae 
Bly \7 | 1 / 2 sacl | ' ; ' Mite | : 
7, \?)" — +.T, =308(7.688).14 =S51.63K, Ans 
Thermal efficiency Iga | 
: 1 1 
Nin =l- = =1-——_z;, = 44.16% a4 : hla 


(jr: ee el 
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9.12 Actual Brayton cycle oe 
The actual gas turbine (Brayton) cycle differs from an ideal Brayton cycle in the 


manner. 


i i ideal gas low. 
1) The working medium does not follow the ideal gz : ; 
2 Due to frictional losses in the compressor and turbine, the compression and expansion 


‘ctionless which makes the processes irreversible. In ideal case, 
tie ae ao Sa processes is con sidered isentropic (compressor and 
turbine efficiencies are 100% each), but actual compressor and turbine have efficiency 
less than 100%. : ’ . ‘ 

(3) Inactual cycle, there are pressure losses in flow through ducting connecting the various 
components particularly in the combustion chamber and heat exchanger. 

(4). The specific heats of working fluid will vary throughout the cycle due to temperature 
change and mixing with combustion gases. The specific heat increases with an increases 
in temperature. This causes lower temperature rise for a given heat input. woaueld 

(5) The fluid velocities are high in turbo-machinery, hence the change in kinetic energy 
between inlet and outlet of each component cannot necessarily be ignored. 

‘ (6) Actual work outputis less than the ideal work output by an amount equal to friction, 
windage and transmission losses which cannot be ignored. 
-. (7) The mass of the gas flowing through the turbine is (1 + F/A) times the mass of air 
flowing through the compressor. (F/A = Fuel air ratio). \ 
(8) In order to avoid back flow at the exhaust of-gas turbine, the actual gas pressure at 
outlet of the turbine is greater than the atmospheric pressure. Therefore, there is 
pressure loss in exhaust hood of turbine. busi avsiiwlia 
The above factors, which tend to reduce the efficiency and power output of the actual 
cycle can be taken into consideration in the calculation of its performance by assigning efficiency 
values of each one of them. The deviation from ideal compression is taken into account by 
efficiency of compressor 1), and deviation from ideal expansion is taken into account by efficiency 
of turbine 1, The effect of deviation of working medium from ideal gas law can be considered 
by taking into account the effect of change in ratio of specific heats from the Y to polytropic 
index n. The change in kinetic energy between inlet and outlet of each component can be 
account by considering stagnation values of properties instead of static values. Normally, for 
the sake of simplicity of the problem, the pressure drop in combustion chamberis i gnored. 
Fig. 9.6 shows an actual Brayton cycle on T-s diagram’ ; \ 
Process 1-2 : Ideal (isentropic) compression : : 
1-2" : Actual compression 
Process 3-4 : Ideal (isentropic) expansion 


3-4" ; Actual expansion 


following 


sai 


Pressure loss in the combustion chamber = Py - Py 
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Pressure loss in the exhaust hood of turbine = P4- Py 2 SFayt to. gorse MIO" E 


Pressure loss 


‘iT 
ij n : 
iM Actual .' 
\ turbine 
4 work ' 
\ 2 ay Ki 


Pressure loss ‘ i 
in exhaust hood Bie: i 


' " s 

Fig. 9.6 Actual gas turbine (Brayton cycle).on T-s diagram 
Compressor and turbiné efficiency : During the compression process part of energy is 
wasted due to friction in irreversible process. The result is that the temperature of working: 
fluid is higher at the end of compression compared to that of ideal process. Hence, some extra 
work is required to the compressor because of its inefficiency. Similarly, during the expansion 
process, the exhaust gas temperature is higher compared to that of ideal expansion. Hence, 
turbine produces less work compared to that of ideal cycle. ft ; A 
The compressor efficiency can be defined as ratio of isentropic compression work to actual 
"compression work, ‘ : 


_ Isentropic compression work: Cpa T-- Th). ; 
“Actual compression work -C pally -T) ** 


= ‘ (9.9) 
The turbine efficiency can be defined as the'ratio of actual turbine work to isentropic turbine 
work cf ‘ 1s ii m= YD 
__ Actual turbine work _|Cpg (T3 ~ T;) ie ST 
‘  Isentropic turbine work -'C ols - 7) 


OAL Vy I~ VD tt te 2 (10) 
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Thermal efficiency of cycle: 
Work required for compressor ; 1 


Wo=m, Cpa (Tz - T) - 


“Wo=m, Coa [ 74) (.: equation (9.9)) 
Work produced by turbine . 
Wr hace “(T, -T) T 
=(m, tmp) Cog (Ty — TN, (-.- equation (9.10)) 
Net work ae 
=Wr -We 
= mq tip) Cy aCe) -Tj)-m, Coa (Ty -T) 


Wret 


‘ ‘ T, -T, 
et =(m,+m,)-C,, (T; -Tyn—m, *C 4° “1, 
; pinete 


a ic 


r : : 
= £ 
ia ra[t+ 2 le (T; ~T) 1, - mMq CTs ~ Dx, kJ/s 


m ; 
Pra Lon 1 1 ' 
ia, Jen (3 = Ty) Cpa To ~ AY  kilkg of air 


ec 


: _ F 
*Wret =| 1 +#) Cog (Ts -T4) 1) =C py (Ty - Tyxs= nest (1) 


lc? 


(Bi 
= fuel air ratio 


where = Se 
A mM, 


Heat supplied in combustion chamber 


O, = (mg + my )C poTy HC T; 


a™~ pa 


. m , 
= eal |) ; 
mM, [-% ] an “Cat | ils 


F 
“. Q, -([1+£)c T;-C,T>, kj i ; 
A) ~P8°3 “pa*2s Ki/kg of air (9,12) 
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H W, 
Thermalefficiency of cycle (n,,,) = = 
‘Ss 


tows tetio 
1 H 


FL\oyn-pryy — ) A 
(1+ F) Cpe TM, = Cpg Ty —T)* 5 


Nn = (9.13) 
it gs 4 : 
(1+ ) Cpe > Cpala : 
Neglecting mass of fuel in comparison to mass of air supplied 
es Coe 3 —T)n, ~Cyq(T -T)/n, 
thy. | vives 7 2 . eritie 
i 3 C5473 Chala TUT CikTH bia i 
Assuming that the specific heat of airand gas are same ; 
_ BG =TM ~— ~T)/ 0, r 
as. = eh oer . 
t 
.(9.14) 


From above equation it is clear that the thermal efficiency of gas turbine plant depends 
on turbine inlet temperature as well as compressor and turbine efficiency. The thermal efficiency 
is increased by improving either compressor or turbine efficiency or both. However, it should 
be remember that the additional work-supplied to the compressor because of its inefficiency is 
not entirely wasteful because as compared to isentropic compression, the heat supplied i inthe 
combustion chamber is reduced. 


9.13 Optimum pressure ratio for maximum n work output i in actual cycle 
[May 712] 


The net work produced by gas turbine is given by 


’ ' 1 ; . 
Wnet -(1 +5) me (13 ~Ty)-1, - Cpa Ta cae 


ic 


.W -(1+Z}.c {1-24 th, — Cog, 2a hy | ee 
net A pg 3 re it 1 re) ci} N, 


-(145)- cp ‘Ts on Ny ~Cyali| (rp) tf 
a ’ 
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f nde : F yet yl For \\ 
(Bb = | Pe ent 
T T\ Pr 
{ 
/ i = =C, weget 
Neglecting mass of fuel and assuming Coa = ©, at : ‘ 
9.14 
call *- CpN [( ir 1 on 
Whee =Cp's 1-() : ) Ne We am 


rat 
For given value of turbine, compressor efficiencies (ny Ng) and turbine inlet tempe re 


i re rati b obtained by 
(T;), the optimum pressure ratio for maximum work output can be - 


aWret ee tins ap ban 


eget -1 zyHloy yal Yeley | bw adit taste 
a vans ek al “Nott po 
BUN (p) 0 TAT, ye Ue i 
—2y+1 , Vig 1 N 
"> Y ~ Ai, 1 
(r,y* Ty MM ‘S 


20-1) | qT 1 
Y, ==> 


(9,15) 
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SURES ats ih 
9.14 Optimum pressure ratio for maximum thermal efficiency in actual cycle 


The thermal efficiency of actual as turbine cycle is givenby , 

(4 -%)-1, “1. - -1) | 

(73 -T)n, . 

For simplification of problem, taking (T; —T) = (73 -T,) , 
nite (13 = Ty)“ “Ne - 7) 

(1, -T)n, 


Nn = 


T. rl 
But —2 =2=(r,) % 
1 14. 
mel ra , 
ali-ep bs un cei (r).7 1) ° 
Nn = 1). ; 
T Y 
: 5[B-c) i | : 


For simplicity, (r,) Y = x (say)and 4 = y (say) ‘ 
i 


5 [1-4 n, -TLx- 1 
ea Nh = ra ly =x] 


=e 


Forgiven saint Ty» Tyr Ne and N, the optimum pressure ratio for maximum efficiency can 


beobtained by _ 
M_PPE16_23 
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1 4 " i fy 2) 
a ji-e a’ feel ee. 
“yn ~f =p =O0.['2 == 
i 2{e4| ae ™ > 


an (+ z)o-2)- (ie —" ) emacas-no) 


1 


(ym a} ia (cs uiagai 


rman {2% 2 a=}. {y- X+x— ae 0 


ANY ANY NY 
oa Oo Ht a al a a + 
7 ae: "Ny = phat 
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 Fanny)-4@ 1 +1]=0 
ae NM Y i“ Non y) +Lyn.n, —Y +i) = 


1 
Assuming es =z 


v2 (Men, Y7)— Zn.) + 2ngn, “+ =O | 
Above equation is quadratic equation in z, as 


az” +bz+c=0 


na bayn,y?, B=-2nn,y, C= YN, H+ 
Solution of this equation is given by , MG 
= —b+ Vb? —4ac | 


2a 5 tod 
- Taking positive roots we get 


f 2 
1_ +2nenyt Jaren) = 4nen,y’ Len D+ 1 


a= 2 
* MM i 
al Sipec titel 
ae [>( ce Melle oat 
n ; a en 


/ 


‘. Dig jo- 
ba eee 


y 
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(9.1 


Minimum temperature ratio in the gas turbine : 
- The work supplied to compressor and work produced by turbinei is given by 


W, = Mg *C pq (T) ~T))/N, a ae : 
Wr = (rm, +m )° Cog (Ts -T4 
Neglecting mass flow of fuel, and assuming Cg = Cp , we get work per kg of air supplied 


1 Bee ee 1 
Men Gx =a * V(,)7 -1| 
Cc c ic 


" Pa 
Wr =C, (7, ~T,)n, 68 1-hy =C,T; 1- ¥ aul 
ry 


If Wo = Wr, the minimum temperature ratio & = 


: j can be obtained for which no net work! 
1 


possible, 
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ds Wo = Wr 


Cc T, —1 
i aol yr -1]=c,7, {_! 


Solution: Given data: Refer Fig. 9.7 


20°C = 293K, py =4 bar, n, =0.8, 1, = 0.85, —* =90:1, 


p= Lbar, T; = 
q ‘ ms 
m, =3 kg/s, P=?, Nh =? 
For compression process 1-2, “i f Vad, 
Yel 14-1 ' er 
hijP|" 7, =250>{ }) OP 5435.30K 5 al 
T La) © 1 Noe 
Also, n, =0.8=22—4 
k Th-T, 
LEAT, +21 ATs 293455 =470.99K 
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Fig. 9.7 


Heat balance for combustion process 7 =33 


Heat supplied to the combustion chamber = Heat gain by working fluid 


“mp CV XNeomb = (mq + my )CpT3 —mMgCp, Ty 
Assuming combustion efficiency Neomb = 100% 
tm XCV cata +m )CpT3 =mgCpTr 
“cv “(Refer eT 4 
me my 
Rs 41800 -(? + tax ==? x1x470.99 
“Ty =925.15K ae 


For expansion process 3-4 - 


“ tal vel 14-1 
43 _{ P2|y, Pi \y 1)\14- 
ed ea ‘Dy =T3 x| — =925.15x| — = 622.5 
qT, (=| ye (+ (3) nolan 
Ales, 08a ES \ x 
- B-Ty v 


“Ty =Ts ~0.85 (Ty ~ Ty) = 925.15 -0.85(925.15 ~ 622.51) = 667.95K 


Net work produced W,,,, = Wr -We 
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poy 7 nee 


Wret = (Ma king )C, G- 1) ~ tigC, (TST) 


bem pcaties (1) 


=3x{ 1+ 55 pelx(ons. 1S= lo ins 293) 
= 780. 15 — 533.97 = 246, 18 ky /3ee | 


= 246.18 kW a Ee | 
Thermal efficiency of cycle : —_ a 


W, w ee 
wet = — net _ 246.18 10) 17.66% 


hh = ; 
Oe mp ROY 2 wai cag 
90 


7 1450 Pies 
q, _ {Pg tre 1 = 300% hase 
i seh 100 J 
*, Ideal temperature of air after compression 7, = 461.05K : 
Now, isentropic efficiency of compressor 
a ae 
T= Tpp.cer «200.1» 


Im 


424 
:. Actual temperature of air after compression 
" T,-T 00 461.05-300 
g-qt  . OSE sa 
Fig. 9.8 
For process 3-4 
y-l én 1.33-1 * 
i Ea 1 1.33 
Bef Pa |" 21,8794 Bs ic 
T, \ Pi 450 


. Ideal temperature of gases after expansion inturbine T, =601.09K . 


Now, ihe efficiency of turbine 
Lh-Ty . : 


1, = 
: - T, 
.. Actual temperature of gases after si aus ic in turbine 


T, =1,-n,(T,-T,) =873- —0.86(873- — 601.09) = 639.15 K 
Now, Mass of hot gases = Mass of air + Mass offuel supplied 2 
.M, =m, +My err - 


Heat balance for combustion dione ; ; 
Heat supplied to combustion chamber = Heat oor by working fluid 


m,C,,_T: —m,C ql; 


“My XCVXNeomb = m,Cy, 
Assuming 1]... = Combustion sek tdi i 
‘mp CVX1= mg Cog Ts — MgC qT 


“mg X 42,000 = (mg +my)Xx1.11%873~m, x1.005x489,47 
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‘has m * 
“42000 ie + vas ~™a 491.91 


on F i 
-. 42000 = mo XAT +969.03 


mee 
m by m; 
ate 41030.97 = —*. x 477.11 1" = 85.99 
Mp . mr : 
“. Air fuel ratio, A/E=85.99:1 ore ey coco. «Ans 
\ 
Compressor work W, = mC, oa (Ty, +7) ts WOO =f ah ERG = DM 


= 2x18 (4947- 300) 380.83 K/s . 


Turbine work Wr =m, XCog xh “ry 
= (mg + my )X Cg (73 =) 


wa 


mee. we 
=Mq [+ pane (13 - Ty) mis 


=2x{1+—_ }x1.11x(873- 639.15) 
85.99 JR 


= 525.18 kI/s ee 


Net work produced Wy, = Wr ~We = 525-18-380.83=144.35 J/s 
Power developed by plant = 144,35 kW eo Ans 


net 


Thermalefficiency 7, = 7 


r re ' mt mp, (aa ie 4) 4) 
But Q, = mg Coss = mC pq! =Mg |(#25 cn ‘i cnt i iy 
: Mg 


‘s0)"* 11x873- 1.005%480.47| 976.76 kil 
9 


Nh = sie x100 = 14: 77% 38s é! Fi 
976.76 
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Soliition : Given data: P, = L.bar, T, = =27TC= 300 K, Pp = 


T, = 620°C = 893 K, we = 0.86, mg =1kgs, Tf 22 AFR, ‘iar 
ae (f oo Ga GSE ps 90. 1xh= 
Cc 1 Nv Cc A. 12 5 
iry=—= «id, “For ases y= 2 = <5 = 1-33 
For ait Y= =~ = 9714 gases Y Cc, 0.842. | Pee 
¥ ITM aa oe gill = yu ae 
or 3 y pA ; 


» GF le, 99 - is 
For BE setitrepH spiodael! d Refer Fig. 6. 10) 
r, (p ae ate a 
. 14 : orsiatis | i 
2s a2 J.T = 300% se =475. JAK giatlis anton 
A hy 1 
| ae 
Also, 1, = 0.84 = 2 be ie Tt, =306 1AM eB ang, Bi KV, = Qe 
Baa 0 : 
Forisentropic process 3-4. | ' ~ fy _\ 
PhOBE MAO. I ETR MTL Dxt = £1 [xO 
T, ( P. eg I 133-1 {Qa i 
3 =| #2)" F 1) 1.33 
“| Re “Ty =893x) — =598.99K.. .,, 
T% | py ‘ (| REP O0Lx Cnt! 
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Cates ah 
= 0.86 = 3 a Bn gs : 
Also, Ny Bet vt T; = 893 — 0.86(893 — 598.99) = 640.15 K 
(i) Final temperature of exhaust gases «. Ty = 640.15 K = = 367. 15°C Ans 


Now, heat added to the combustion chamber ° 


is a Evy tthe): Cyg Ty Tg CpgTs 


mM, in gn 
. 42,000 =| =" +1 |x1.12x893-—@ x1 508.51 ea 
mp. Bh mf . 
ok 


\ 


j < 


+. 42,000 = 491.65x © + 1000.16 
_ ; mip ony aaa 


Ma — 93.39 i‘ 

my i 
(ii) Air fuel ratio A/F = 83.39 : 1 a 
Now, compressor work Wo = my € * pa ( “Tn. mat, & 


= 1x 1508, 51- 300) 


= 208.51 kI/s’: ele | 


Ans 


“Turbine work Wp = (mq +m ¢)*Cpyg Ts -T,) 
=(14—L_ |x1.12x(853640.15) a ‘ 
83.39 dine audi roid wnelt 
= 286.58 kJ/s 
(ii) Net work produced Wy = Wy —Wo'= 286. 58 208.51 =78.078 kW Ans 
A x 


(iv) Overall thermal efficiency ve. aye ay 


4 


i Wret - . “net 78.078 ‘x100 = = 15.5 % Ans 
th Q, my, xCV ig «42,000 en MOE 
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= 1 bar, 7; =27°C=300K, Py =4 bar, N, =78%, Ni, = 84%, 


Solution : Given data: P, = 

AIF=75:1, mq =2.5 kg/sec, P=, yp = =2, Cp = 1,005 kJ/kg K, y= 1.4, C.V. = 42,000 
ki/kg : 
Forisentropic process 1-2 (Refer Fig. 9.10) 


%-[P2)" Oo is -300x( £) "= 445.79 K 
tT (A , 1 
T, -T; ‘ 445.79 -300 a 
Also, Ng = 0.78 = 7 7A + Ty =30+—— = 486.92 K 
2 


. Fig. 9.10.) ; 
Heat balance for combustion chamber : 
me aang Eee Tee ARE 
“CV= z+}, Cy cs 7a. ‘Cy ‘T> 
eet iy 
.. 42,000 = Cie x4 005x7;- —75.X1.005 x 486.92 
“Ty = 1030.39 K “9 : \ Y staid 


For isentropic process 3-4 a 
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yt 
Cie le Lye 
vial a 7, =1030.39x{ +) = 693.4 K 


“SoA 
Also, 1, =0.84 = 3% 
a eee | 


. 


*. Ty = 1030.39 — 0.84(1030.39~-693.4)=747.31K ° 1° . 
Net work produced by plant \ 


Wret =Wr - Wo 
= (mq +p) Cy (Ty -T4) = mq Cy “(Tj -T)) 


m . er 
=m, (eae (T; -T%)-C, (5 -1)| 


> : 1 x ~ . sine : : 
=m,° [( + 75 e005 x (1030.39 — 747.31) —1.005 x (486.92 -300)| 


NV araoote t 2 
aaa} fii 


= 100.43 m, kI/s 
= 100.43 kI/kg of-air 23 Re ce 
Power developed by plant = Wret xn Mg SC ae : 


= 100.43 x 2.5 = 251.08 kW ; Ans 
Now, heat supplied to the combustion chamber . 


mM 


m a * : . 
Q, =m, XCV “(Zev en, =( Z%42,000 xm =560m, k/s 
= 560 kJ/kg of air 
Thermal efficiency of cycle 


100.08 
— ner _ 100-P9Ma 100 = 17.93% aa Ans 


a ae 
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; = = 0.85, 
Solution : Given data : p/P, = 6, 7, = 900°C = 1173 K, Ne ‘; 
5 =0.95, Coa =1kiJ/kgk, 


7, = 15°C = 288K , mg = 5kgls, C.V. = 43,000 KKB, Meomb 


Cs = 1.07 kI/kg K, y= 14, Nh ml Reta 5y= 2 , { a “ 
(HUE = S@.BBb).< E00 |- a | a 
For isentropic compression process (ReferFig.9.11) jy ey. nuit 
y-l indo SAALA EY.O0L = 
T, 7 14-1 
eee eiclebescic napeaanaali 1s 
A \A ae 
-T, 480.53 -288 2 fequ 
= = fa + Tf = 288 + eee TOR 
Aleect, = OBES Sire "2 (O85 x 
Feist Robb oa ae a = 
te oY 
oT we! jel ig adds O5e = 
Py \¥ Y pi aaa Gea 
Ss | Ba 47,57) =ure(4)' = 7031020K 2" 
T | Pi P2 ae - 
" Nay ne = mit 
Also, n=09=2 r,-1, Ty ‘e1IB- ~0.9t173= 703. 02) = 750.02K ‘ 
Ware air yayecn Aye a aban 
Energy balance foreombustian chamber: be C 4 
. BEY So) = (My tmp Mpg 5m pl ely Langa 
£m; X43,000%0,95 = i elaiiias xia a 
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*, 40850m - =1255:11m ¢ +3703.05 1 


Mr = 0.093 kg/s 


Air-fuel ratio = “4 =_5__ 53, 46: 1 ical 


my <a 


Net power output 
P=Wr -We e 
=(m, 4m p)Cpg (Ts “T= Mg aC gif, - -T,) / 
= (5 + 0.093) x1.07 x (1173 — ~ 750. 02) - 5x1xG145- 388) oe 
P=1172.53kW ae Ans 
Now, heat supplied to the combustion chamber | he c1Poq Ve, ob SY ieee 
Q, =m xCV = 0.093x43,000 = 3999 kW 


Thermal efficiency of the plant RCB.AAb = AV 
P _ 1172.53 eee 
== x100 = 29, a te dl 
"hh “9. ~~ 3999 29.82% - = ARF 
ied i {lec — OR OES} aw 
Specific fuel consumption Sa ae : deanel sl RY a 
Power output cao , 


Solution: Given data : Refer: Fig. 9.12, 2 
p, =1 bar, As =18°C = 291K, Pa= =5, bar. Pressure dropi in combustion chamber ‘ 


1 -0.06= 4.94 bari 


‘i AG maw & 


Ap, = 0.06 ‘ay, Pressureatinletof bine BT = Pa AR 3 
T= 550°C =823K, P= 1600 kW, wits 98 O08 20.0EE = = a= Ait how 19 


f Vow 
= 0.85, n, =0.82, t= =1'4, G =1.05 ki [kek 
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For compression process 1-2: 


rl ut 
# | Pa |? «t=29( 7) 4 
ma hdr 20 
wT = 460.89K 
T)-Tj nt 
But Me = 0.85= me 
| 


89-291) oe ange lou 
“Ty 291+ C2) =490.87K~ be 


For expansion process 3-4 : ft 
om there is a fall of pressure of 0.06 ts seo the oie aaa chamber hence 


path aSHa46 ga ep Sighs ROR SR 


Pi; be ty Hosein : eet 
‘ § 5 rR: 
14-1 - 


.T, =823x| —— |)“. =521.42K <a 
— tsa) , i 


the expansion ratio = 


y-l 
Now, | Pa . 
Ty (Pt 


T;-Ty : 
Butn, =0.82= 234 +.T{ =823-0,82(823-521.42)=575.71K ‘ 
3-T, ‘ i omit Ni ; WOYTEYO 
Compressor work We = Cy (1-7; )=1.05x (490.87-291) = 209.86 KI Tig ey 
Turbine work Wr = C 'p (13-14) = 1.05x(823- 575.71) = 259 65 kd kg 


Net work Whey =Wp ~We =259.65-209,86= 49.79 ki /kg 
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But net poweroutput P= Mg XWret 
: 2.1600 kJ /.s =m, 49:79 kI kg 


“Mg = 32.13 kg/s 


Solution : Given data: p, = 1 bar, T = 25°C =298 K, Pz =4 bar, n fe =0.8, T; =700°C 
= 973K, p3 =4-0.14 = 3.86 bar, py = 140.14 1.14 bar, €= 0.75; Ny = 0.855" 


Thn = 2 Cp = 1.005 kI/kg K, y= 1.4 “N= pha 
For isentropic compression process 1-2 (Refer Fig. 9.12a)- 
1 : an 
T. VT (200 - 20.uy" (25.06 é 
9 P2 : wot Panes mane 
ZH] a 2, =298x (4), 14) = 442.82 K 
q, 2 jel TON ad ; 
ET i 442:82=289 2s 2stcnss ot wn 
Also, 1, = 0.8 =—2— “Te = 298 + ———— —— =.479.03 Ko 8 
Iso, Ne : T-T, ax 2 BET alt: 8 5 i 
ui 1 
Fig. 9.120 sical as 
For isentropic expansion process 3-4 : Sf ah 
i Lot j EC = Fen thy P ' 
; M_PPE16_29 
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; — yl. rial 
Be 0 
3-2)" 27, 21x 24)" 973% (use) = 686.71K Als 
Ty P4 47 *3 P3 J. , 86 
ce ‘ - 71) = 729.65 K 
Also, 1, = 0.85 = “374, Tj: =973—0.85(973 — 686.71) f 
t oe A 
Now, effectiveness of heat exchanger (regenerator) is given by, 
‘use a 9 \ ’ 
€=0.75 = 7 a ; : ' Fo 
Ty -Th. 


“on Th = Tj + 0.75% (Tj -Ty) - 
= 479.03 + 0.75 (729.65 — 479.03) 


= 666.99 K . ’ 
Thermalefficiency of gas turbine with regeneratorisgivenby’’ _ Als 


Cp (T3 =) -C, (Ty -T) 
Cp (13 -Ts) 


Nn = 


(973 — 729.65) — (479.03 298) \ 
=e x 1p0, = 20,368 
th = 073 ~ 666.99) rie a An 


@ 


Gi) 


ne Ho 
Solution : Given data : 
P\=lbar, p, =Sbar, T, = 20°C =293K, 1, =0.8, | n, =0.85 
ie 7 ‘s : , 
T, = 680°C =953K, 


Neomb. = 0.85, ; A { 


= p,~0.lbar =5-0.1=4.9bar, m, =2,0 =? N=! 
4 we / ; ‘ f oN, 


(Refer Fig. 9.12) . a 
For compression process ns q 
\ Yel 14-1 i-f i , : 
tn ae Tee ae Sf 
1, =7,| =. =154(2 = 464.06 K | ; 

P, I 
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“Actual heat supplied = 
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7 
N= r =a 
a 464.06 —293 
», [, =293+—____——. 
2 0.85 = 494.24 sok 


“.W, =C, (T,-T,) 
= 1.024 (494,24 — 293) = 206.07 ki/kg of air. 


‘or expansi' on process 


: ie 4 3 Dae Ko 
a wr 
7,=T,| 24] =953x L\P Jesiox 
P. Fo AOuhite (ode uaaee t 


J 3 4 i TS a woe iit GCN: WES 


“.T, = 953-0. 0.8(953- 605. 19) = 674. 15K of 
Wp =C,(L, -1,)= 1.024(053- “61475)= 284, S3KI Ike. oa 


Whey = Wr ~We = 284.93- 20607 = 78. 8851 goa 
Quantity of Probus PO8E= s* 
yowen, P=m ee ohh. ie 
+00e=. 
1065. i » : 
“ = 13.5 kg/s Ans 
m= agg5 71S keh soot 


Heat supplied per kg. of air circulation 
Q, = Cy (, = T5) = 1.024 (953,294.24) 
= 469.77 kJ/kg. of air 
-T.). a E fi. 
iA 2) 5 409.77 = 552.67 kg/kg of air Ans 


Neomb 0.85 
Thermal efficiency of cycle ; 
Ans 


Wig 18S anys 
= = 26, % 
"w "9, 552.67 mesiase 


aOOD «he 
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ar 
T, =27°C = 300K, T, =823°C =1096K, p, =1bar, r= 4 aa 1, = 0.85, 


’ ; inpu 
10 (Of en—FZE 
= 41800 kJ/kg, N), = Lg", W,= 0, 2, Wr=?, Woer= =2,1y,= 2, WR=? and 
= erpinl fig i} i (i)! 
For isentropic compression process ~ 
T, i 4 a ia | inc 
7, () ee . 2. T, =300(4) 14 = 445.79 K 
T,-T, 445.79-300 
=0,.8=—2 1 = ee ee a 
Bu, es ‘ ee 300 + 08 482.23 K 
For isentropic expansion process = 
a= agar ekg 
3. : ty ‘ 1) 14 
if (%).7 vehT) =1006{ 7) =737.55'K 
~=085- 325 Sah 7 Ligdked. 
But, a mes ADEE AT, = 1096 -0.85 (1096 — 737.55) = 791.318 
Heat balance for heater 


m,CV XN, =m,C 7, “pee 


My _ _CV-n, 41800x09 at 


a pe 
mC, (r,-7, ) 1x (1096 —482,23) ~ =61, 29 ke kg of fuel . 
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W, =m,C, (Ty ~T,)=61.21x1x (482.23 300) =11154.29 kJ/kg of fuel Ans 
Wi, =m,C, (I, -T )=61: 21%1x(1096-791.31) = 18650.07 kJ/kg of fuel Ans 
“Wye; = 18650.07 -11154.29 = 7495.86 kJ/kg of fuel Fs ste 
QO, =m,C, (Lj -Ty )=61.21x1x (1096 - 482.23) =37568.86 kJ/kg of fuel Ans 

Wi 7495.86 


wy, = net = 1099.86 190 = 19.95 % we 
eh 0.” 37568.86 ; 7 
Wier _ 7495.86 ° ; eee ; : 
R= ee Rio fsenisctotte ‘ ' Ans 
m Wy ~ 18650. 07 = 0.402 Stans esinallaien veo 24 
5 Effect of operating variables’ on ‘thermal efficiency [Sep. 713] 


The parameters which affect the performance of the gas turbine plant are compressor 


input temperature, pressure ratio, turbine ane ebseniperatt, compressor and turbine efficiencies 
and specific fuel coneuaptiog. : 


1.3! 


5S, 10, 15 20 4) 25 30.35 
Pressure ratio 


Fig. 9.13 Effect of compressor inlet temperature ‘ 
and pressure ratio on thermal efficiency 
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438 F fe combustion forva given sed 

par cae ana reduced. However, the heat supplied tee erature of air at outlet of maxim’ 

inlet turbine temperature (T,) is reduced due to cone ere T, isnot affected by T,. ratio. F 
ne at & affec 

compressor with increase in T,. The work output of ie an the tate of reduction in the heat pressul 


i ater 
Since rate of increase of compressor work is gre: 


. ; : aa 
supply, hence net effect of increasing T, is adecrease in 
shown in Fig. 9.13. 


he thermal efficiency of plant ag 


a acer a the work output from the turbine at a given 


omens soe nin Fi g. 9.14a, but at same time the heat supplied in the 


io isincreased as shown in : : n ‘ emer 
a atti nec isincreased. The rate of increase in the turbine work is gre: e 
combustion cl 


rate of increase in heat added and hence, for all pressure ratios eae So pai var 
| temperature increases the thermal efficiency of cycle. eons t a eaten nie a 
| temperaturéi limited by metallargical considerations. Hence, there an rceemnaer 
I increasing the turbine inlet temperature is an availability of blading ma’ 1 

high turbine thermal stresses developed due to high tea cavieqeetl 


1100°C (4) 


Turbine inlet temperature = 


30 j is 
900°C. 5.4 vue shc 
- of 
20 eff 
thi 
15 
10 
5 
0 
0 ee 10. 15 20 
Pressure ratio = ; : > 


“Fig. 9.14(a) Effect of turbine inlet température 
and pressure ratio on thermal efficiency 
(3) Pressure ratio 
As the pressure ratio is increased for a given value of turbine inlet temperature, the 
efficiency increases upto. a maximum _value and then'starts decreasing clearly indicating that 
there is an optimum pressure ratio for a given value of turbine inlet temperature as shownin 
Fig. 9.14(a). 
Fora given turbine inlet temperature, as the pressure ratio increases, the heat supplied 
as well as the heat rejected are reduced as shown in Fig. 9.14(b), hence thermal efficiency is 
increased, But the rate of change of heat supplied is not the same as the rate of change of hea! 
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rejected. Therefore, a5 pressure ratio increases, the Thermal efficiency incre 


. ease in pressure 
T,_ [| maximum at optimum pressure ratio and then it drop off with a further rest Ee higher 
2at | tatio. Further, as the turbine inlet temperature increases, the efficiency peak is , 
ag || Pressure ratio as shown in Fig. 9.14(a). : aa ee atovat 


Fig. 9. ».14(b) Effect of pressure. ratio on the "Brayton eyele | 


(4) Compressor and turbine efficiencies _.- B 4 

The cycle efficiency greatly depends onthe compressor and turbine efficiencies as 
shownin Fig. 9.15. Fora given value of compressor and turbine inlet temperatures the efficiency 
of asimple cycle is linearly proportional to turbine efficiency. A decrease in compressor 
efficiency decreases the heat supplied but this decrease! in heat supplied ismore oan offset by 
the increase in commpresaget work. 


50 
45 
40 
35 | 
30 
25 


0 Zour 4 6 Bee MO SDE E14 lon) tes 
. Pressure ratio... 


Fig. 9.15 Effect of compressor and turbine 
efficiencies on thermal efficiency 
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From experiment results itis cleat that decrease in compressor and turbine efficiencies 
of 1%, the cycle efficiency decreased by 3 to 5%. Normally, the turbine has a higher efficiency 
than the compressor efficiency. Hence turbine develops more power than the compressor 
consumes for same mass flow of working fluid. Therefore, the loss in turbine efficiency, reduces 
the cycle efficiency by a larger amount as compared to the compressor efficiency. 


(5) Intercooling, regeneration and reheating 

The effect of intercooling, regeneration and rehating on efficiency of cycle is shownin 
Fig. 9.16. From efficiency curves, jt is clear that the higher efficiency is possible from cycle 
with intercooling, regeneration and reheating. Also, the peak valve of thermalefficiency shifts 


towards lower pressure ratio compared to simple cycle. 


40.0 


G A - Intercooling 

B - Regeneration 

35.0 C - Reheating 

D - Intercooling 

_ Regeneration 

E - Intercooling 
-Reheating 

F- Regeneration 
-Reheating 

« G- Intercooling 
-Regeneration 
-Reheating — 

H- Simple cycle 


30.0 
25.0" 
20.0 


15.0 
0 S10. 15 20 ~. 25 30 
Pressure ratio 


Fig. 9.16 Effect of intercooling regeneration and reheating on 
on thermal efficiency \ 


(6) Specific fuel consumption 


pe Me Svs fuel consumption is increased the thermal effitiency of the cycle 
oes _ = 17 shows the specific fuel consumption of different cycles with respect to 
p os. Itis clear that for all value of pressure ratio the fuel consumption is the minimum 


in compound cycle (simple cycle with Tegeneration, intercooling and reheatin g) 
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Reheat 


cycle 


Intercooled 
cycle 


Compound cycle 


0 5 1035.86 Sra T20 ” a5 30 
Pressure ratio 
Fig. 9.17 Effect pressure ratio on specific fuel consumption 
9.16 Effect of operating variables on air rate Pt 


Air rate is defined as the air flow required per kWh output. The thermal efficiency 
which is measure of fuel economy while the air rate represents the size of the plant. The size of 
plant is more important when the gas turbine plant is used for aviation. The lower the air rate 
makes the plant small. Hence the air rate is the criterion of the size of the plant. 


The parameters which affect the air rate are compressor inlet temperature, turbine 
inlet temperature, pressure ratio, compressor and turbine efficiencies and regeneration, 


intercooling and reheating of the cycle. 


(1) Compressor inlet temperature ~ J 
Anincrease in compressor inlet temperature, the air density is reduced, and hence 


mass flow rate of air reduces. In order to get constant mass flow rate, the more power is 
required to the compressor. Hence net power output of the plant is decreased. In other word, 
the air required per kWhr (airrate)is increased with increasing the compressor inlet temperature 
as shown in Fig. 9.18. So, a good gas turbine requires lower value of compressor inlet 
temperature i.e. lower value of air rate. 
(2) Turbine inlet temperature and pressure ratio ov my 

Anincrease in turbine inlet temperature, the work output at given pressure Tatio is 
increased and hence air rate decreases with increase in turbine inlet temperature at given 
pressure ratio as shown in Fig. 9.19. Itis also clear from the figure that as pressure ratio at 
given temperature increases the airrate decreases until it becomes minimum at optimum pressure 
ratio and then air rate increases with further increase in pressure ratio. This is due to increase 


in power output upto certain pressure ratio and than it reduces. 


~ rey 
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40 
35 
30 
25 
“20 


15 


10 : 
o 10 20 30 40.50 60 70 80 90 100 


Compressor inlet ie gible °C 


Fig. 9.18 Effect of compressor inlet 
temperature on air rate 


“Pressure ratio. eat gous jo ar 


Fi ig. 9, 19 Effect of turbine inlet, teenie YK 
o and, pressure ratio on air rate 


mrygea pT ue et at ist anid 


(3) Compressor and turbine efficiencies ‘ 
As the efficiencies of the compressor and turbine i increases, the net mae output 
incrreases at same mass of air flow, Hence mass flow rate of air per kW is reduced. It means 


that the air flow rate decreases withi increase in efficiency of compressor and turbine as shown 
in Fig. 9.20, 


marae wv 1 bis © 


Win at " i) Ugo Wwe 
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70°75 80. °"'85' 90. 95° 100" 
Compressor and turbine 
efficiencies, % yy |, 
Fig. 9.20 Effect of compressor and’ |. », 
turbine efficiencies on air rate 


(4) Intercooling, regeneration and reheating : pao 

The effeet of intercooling, regeneration and reheating on air rate is shown in Fig. 9.21. 
From figure, it is clear that the air rate is lowet in case of cycle with intercooling and reheating, 
and compound cycle (intercooling, regeneration and reheating) compared to the simple cycle. 


near”) ben 


_.Simple.cycle. 


25 HQ MO OY " 2 USVI) 
, ~~ Regeneration 
36 x ee ah Tas howe euagiiet 3 tad? (9) 


Intercooling 


10 
0 5 10 15 20 25 AL 
534 Pressure ratio 
Fig. 9.21 Effect of intercooling, regeneration 1) 8-0 a 


and reheating on air rate 


t 
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9.17 Effect of operating variables on work ratio 


i . The parameters 
The work ratio is defined as the ratio of net work to the turbine work. P 


i - »e inlettemperature, pressure 
which affect the work ratio are compressor inlet temperature, yee ene : ere 
ratio, compressor and turbine efficiencies, and regeneration, In! 
mpressor inlet temperature ; etgaeieeints 
(1) Co pe increase in ase inlet temperature, the work ae = a ee 
increased while the power output of turbine remains the same. ant a 
is reduced with increasing compressor temperature as shown in P'lg. 7. 


0.6 


0.5 


0.4 


03 


o 


0.2 Compressor inlet 
temperature = 50°C 


0.1 


m3 5° 7° 9 We 43) is jaz ao. 


Pressure ratio 4 


Fig. 9.22 Effect of compressor inle 
temperature and pressure ratio on work ratio’ 


1 


(2) Turbine inlet temperature and pressure ratio — f 


An increase in turbine inlet temperature increases work output at given pressure ratio 
and hence at constant compressor work input, the work ratio increases with increasing turbine 
inlet temperature as shown in Fig. 9.23. Itis also clear from figure that an increase in pressure 
ratio at given temperature, increases the work ratio. 


(3) Compressor and turbine efficiencies 


As the efficiencies of the compressor and turbine increases, the work ratio increases 
due to increase in work output of turbine and reduction in compressor work input. The effect 
of compressor and turbine efficiencies on work ratio is shown in Fig, 9.24, 
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Gas Turbines .\« 3S: 4 = } 
0.6 
0.5 


0.4 


pS 1000°C 
0.2 


0.1 


Pressure ratio 


Fig. 9.23 Effect of turbine inlet temperature 
and pressure ratio on work ratio 


7075 80 8. 90 95 100 


Compressor and turbine : 
efficiencies; % 


Fig. 9.24 Effect of compressor and 
turbine efficiencies on work ratio 
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(4) Regeneration, intercooling and reheating 
Fig. 9.25 shows the effect of different modifications in simple cycle on work ratio, 


a « ion, i ooling and 
The maximum work ratio is possible in a simple cycle with regeneration, interc 8 
reheating. 


0.6 
Intercooling-Reheat ° 
"-Regeneration 

0.5 , 


. 


7s Intercooling 
AS 


0.4 dee 


0.3 
0.2 
0.1 


0.0 
0 5 10 15 20 25 1 30 35 
Pressure ratio 


Fig. 9.25 Effect of intercooling, regeneration 
and reheating on work ratio . 


9.18 Means of improving efficiency and specific output of simple open cycle 
gas turbine ; ’ [May °14, May 712] 


The thermal efficiency of simple open cycle gas turbine is orily about 16 to 23% as lot 
of heat energy waste in the exhaust gases, Also cycle efficiency depends upon the temperature 
of gases at turbine entry. Moreover, the metallurgical limitations do not permit the use of 
temperature of gases higher than about 1000 K for the simple gas turbine cycle. Hence, increase 
inefficiency cannot be possible through the increased temperature of the gases. However the 


thermal efficiency of a simple cycle gas turbine plant can be increased using the following 
methods : \ 


(1) By reducing the work required to run the compressor 


(a) Intercooling - Intercooling means the removal of heat from compressed air between 
the stages of compression. Therefore, work input in compression is reduced, 
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i ; ; is not practical because 
(b) Lowering inlet air temperature of compressor - This method is not prac 
this will increase the pressure ratio of the compressor. | the design of 


(c) Increasing the compressor efficiency - This is possible by improving 
m| q . f J 

q mn Wann injection - Improvement in efficiency and reduction in work input of 
compressor may be possible by injecting water into air at inlet of compressor due tothe extra 
mass of water injected and cooling of air. : £ 
(2) By reducing the heat supplied in the combustion chamber - Regeneration 

The turbine exhaust gases carry a large quantity of heat with them since their temperature 
is much above the ambient air temperature. They can be used to heat the air coming from the 


__ compressor before entering the combustion chamber, thereby reducing the amount of fuel to 
b: be burt inside the combustion chamber, 4 


(3) By improving turbine output 
(a) Reheating - The output of turbine can be increased by increasing enthalpy of 
gases entering the lower stages. This is achieved by expanding the gases in two stages with 


__ reheater between the stages. 


(b) Incréasing the inlet turbine temperature 
(i) Using better quality of fuel ; , 
(ii) Using new materials which can be withstand high temperature and pressure 
(iii) Using better blade cooling methods and cooling medium : 

(c) Increasing the turbine efficiency -Thisis possible by improving the design of turbine. 


9.19 Effect of various modifications 


Fig. 9.26 and Fig. 9.27 shows the improvement which can be obtained by various 
modifications of the simple gas turbine cycle. The efficiency and work output curves are drawn 
based on following constant parameters : 


Compressor efficiency = 85%” 

Turbine efficiency = 86% ee : as caer 

Regenerator effectiveness = 0.75 

Combustion efficiecy =92% 

Specific heat of air = 1.005 kJ/kg Kandy=1.4 

Specific heat of gases = 1.08 kJ/kg Kand y= 1.33 . 
 Calorific value of fuel=40,000 kI/kg, «9%. 

Atmospheric air temperature = 20°C 


Itshould be noted thatcomparision in general in naturé and not exact becausé of independence 
of many parameters which are dependent on the pressure ratio, dalttit 
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a Intercooled 


: t 
40:0 _, Regenerative Reheal 


cycle~ 


0.0 


id 


0 Sh cme lO gt lS 4 20) 25 30 35 


Pressure ratio 
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Fig. 9.26 Efficiency comparision of different improvements: 


ev gi ‘Ideal cycle 


Reheat ajo 
j hc = y Intercooled eee 


saremnanet ten 


700 ~ 
600 —s 
500 
400 
300 
0 5 10 15) 2 N42 ee gg a HOG I9g E35 
Pressure ratio, - ‘ Fin ) 


Fig. 9.27 Work output comparision of different improvements 


Intercooling : The thermal efficiency of intercooled cycleis slightly less at low pressure 
ratio compared to simple cycle. However at high pressure ratio the efficiency of intercooled 
cycle, is much greater than the simple cycle. The net work outputof i inseacoaled cycleis wae 
than that of simple cycle at all pressure ratios... 
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: Fig!-9.28 Efficiency of different’ © * 
combinations: 1.932 So 0 

Regeneration : With use of regenerator in gas turbine plant, there is no variation in 
the net work output: But thermal efficiency at low pressure ratio is much greater than that of 
simple cycle. The efficiency of regerierative cycle reduces with increase in pressure ratio at 
high pressure ratio: If the pressure ratio is raised-above certain limit, the temperature of 
compressed air is became more than exchaust gas temperature and hence regenerator cool 
the compressed Air entering combustion chamber instead of heating. Hence regeneration is 
more benifited at low pressure ratios. |. 


Reheating : At low pressure ratio, the efficiency of reheating cycle is lowered, but at 
high pressure ratios thermal efficiency is greater than that of simple cycle. The net work output 
produced by reheating cycle is higher than that of simple cycle atall pressure ratios. 

The gas turbine cycle with different combinations (reheat - regeneration, intercooling- 
regeneration, reheat-intercooling, intercooling - reheat - regeneration) offers considerable 
increase in net work output and thermal efficiency as shown in Fig. 9.28 and Fig. 9.29. 
However, such a plant will become more complicated and costly and will need increased 

prints 10 DEE ABIG GNI WOMEN wit 


Scanned with CamScanner 


Gesescae: 


’ Power Plant Engineering 
450 


wii ‘Intercooling-Reheats, a 
OR a Intercooling-Reheat-Regeneration 


Et OE 
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Fig. 9.29 Work output 'of different combinations 


The effect of various modifications in simple cycle‘on thermal efficiency and work 
output at pressure ratio 8 are given in Table.9.1....0% 


4 Table-9.4e 2: ig se wid? rnoties 198 23 
Modification... ... 3 Effect on work output Effect on efficiency, 
1.Intercooling ~~ 25% (increase). .0.3% (decrease) .... 
2. Regeneration > Nil. schieh team 32% (increase) “ at 
3.Reheating ~ 35% (increase). 3% (decrease)... 
4. Intercooling- regeneration 23% (increase) 51% (increase) 

5. Intercooling-reheating 0 60% (increase)*.* *’'3% (decréase): 
* 6. Reheating-regeneration ’ ‘+! ''"'32% (increase)? '*- |.” 48% (increase) *" 


7.Intercooling-reheating? °!:1'"!!° ‘56% (increase)! « 59% (increase) * 
« /sregeneration Jenoueigin i> Mave olay “it 


‘ Jaa Bat tees T ey | a 12. Madi as 


Fromabove Table 9.1 and Fig. 9.26 to 9.29, itis cleat that the hi gher thermal efficiency 
is possible from compound cycle (simple cycle with intercooling, reheat, ‘and reg ation). 
The maximum output is possible from simple cycle with intercooling and reheatin Ttisalso 
clear that due to addition of intercooling, reheating and regeneration the peak value of thermal 
efficiency shifts towards lower pressure ratio, and larger range of pressure ratio for highe! 
efficiency compared to simple cycle gas turbine plant. 


9.20 Water injection 


Water injection is one of the method of increasing power output of gas turbine, The* 


AS apaad 
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~ ircraft which 
e certain specific applications such as gas turbine usedin naval roel metallurgical 
quire a very high specific output within the maximum tem Jimgtum he combustion. 
onsideration. The water is injected into the combustion chamber before the Leatficia 
When water injected into the compressed air the water evaporates, itabsorbs latent heat 1° 
| mass flow of the working 


e air and hence air is cooled. By injection of water the tota 
hence power output of the plant is 


The thermal efficiency decreases 
urise the water. In gas 
itis injected compressor 


i 
medium is increased by the mass of the injected water and: 


increased, the work ratio is increased and air rate is reduced. a 
with water injection because more heat has to be supplied to vapo 
bine cycles that have regenerator, water injection is more beneficial ifi 


ind regenerator as shown in Fig.-9.30. ae 


hy 2k t 
‘Heat exchanger +2 x \Exhas 


Water injection 
hamber : 

4 Electric 
generator); 


Atmospheric Fook sada 
air in a ten 


Fig. 9.30 Schematic diagram of GT plant with. regenerator and water injection a 


The water to be injected first passes through the heat exchanger in which itis heated 
yy exhaust gases. Fig. 9.31 shows the T-s diagrams of cycle with and without water injection. 
The water injected into the compressed air, and hence compressed air is cooled from state 2 
9 2a at constant pressure. The mass flow rate Of ait'is iricreased. In'the regeneration air is 
eated from 2a to 5 instead of 2 to 5 (without water injection),and exhaust gases is cooled 


from 4 to 6’ instead of 4 to 6 (without water injection). 


le ( Iyer rca gd 
83.02 an DMD j memes TRONS SM 
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(a) without water injection 


(a) with water injection 
Fig.9.31 T-s diagram of regenerative gas turbine cycle 

The water injection with regenerative cycle is also increased the efficiency. The quantity 

of water vapour to be injected is that which would saturate the compressed air at temperature 
Tq A greater amount of water results in liquid carry through air, although its resultsin somewhg 


increased work; also results in teduced efficiency compared that of saturated air and fouling of 
the regenerator. The water to be injected should be pure, otherwise, it may cause Corrosion or 


deposits on the blades. 


But m 


In the watér injection in the compressed air, the mass flow rate increased due to 
humidification of air: The specific humidity (mass of water vapout/unit mass of dry air) of airis 


increased. 
Let, w, = specific humidity of air at inlet of compressor, kg of water vapour/kg of dry air 


Wyq = Specific humidity of air after water injection kg of water vapour /kg of dry ait 


The specific humidity of airis given by... .., 


Ww 0.622) Peas) od oct dansoudi exeasg ter? boraayn sc 
Sri . Po py glo i yf. fi “le 


Ais 14 577 251 37 RTE StS . } 
where, py = partial pressure of water, vapour, .... Bin uit! 7 19 IE 
Leoloo: p= pressure of air vapour mixture 


‘w, = 0.622] ca org 
ve SMe ——— | and wo, = 0.622} ——2# — 
Pi Py, Poa ~ Py, 


where Py, = partial pressure of water vapour Corresponding to state 1 


Py,, = partial pressure of water vapour corresponding to state 2a 
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spectively. 
The increased in mass of water vapour in the air 


oO 


(9.18) 


Energy balance for water injection chamber 
[Energy of dry air], + [Energy of water vapour in air], + [Energy of water injected] 
= [Energy of dry air], + [Energy of water vapour in athe . 


“Mah, + wymah,, Fimyliy = ala ili he” r( acy at 
But m,, = my (Wo, — Ww) ee : 
wh + woh, + (Woq Woy, =hyg + Woh, ' i - “ 
“Ag THe = ng — Wy My — ng mM, ( Pog = P2 “hy, = hy) 
. Enthalpy change of dry air avs... 12S ‘ ay 50 
lng ~ ly = (Wag ~ Why, ~ 


wo, ) 


S Bution : : Given data: 7, = 18°C = 291 K, acy 1 bar, = 60% (lative humidity), : 
P) =8 x 1=8 bar, Ny = 0.85, t,, = 50°C, Thy = 100°C = 373K : 


ST TOG vi 


From steam table, for Ty = 18°C wanes water vapour BESS Pais =0, 0206 bar 
The relative humidity of air is given by ‘ : ia 


ay 


Pyt Ry. lie me Pere oat 
oe 0621... wp. = 
Pu ODO! = yt Py.> 0.01236 bar 


The specific humidity (kg of water vapour/kg of dry ait) is giveM DY. iss; s5j sy... 


Tap} (20RD en 1s 
$ (Ch GO int 
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=0 of ana = 0.00778 kg/kg of dry air 
ait i i idity of air at inl 
The specific humidity of air at outlet of compressors equal to seen? humidity 0 et, 


ie. Wy =wW 
Fori isentropic compression 
y-l ded, \ 
7 | 22 |" . 7, =2918) = 527.13K 
T \A 
=, 
2 1 
Iso, == 
Also, 1, = =F a | 
_ -t 527.13-291 ; 
oo i 21 9914 =568.8K 
Ty =T, + -" aT oe | 


Now, enthalpy of injected water 
h, =C,T, =4.18x50= 209 KI kg 


Change in ‘enthalpy of dry air due to water ‘injection’ hoe ee 


Ing ~W, =Cp (Tog ~T5) 
el. 005. (373 = 568. 8)= = “=196. THR kg 


But hy, — hy = = (ng - WM -hy, J 
From steam table, at 100°C, Ip “3616 kilkg and Poss os 1.0135 bar : 
$196.71 = (Wy 0. 0o778)209 - 2676) 
7 =0.0875 kg/kp of dry air. 
Original mass of air = m, + wm 


'=(1+0. 00778) = =1 00778 


’ 


Mass of air after water injection'= my + 05, Veagey vain ig gal) wibinud oA 


= (1+0.0875)m, = 1.0875, 
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| Mass of Water injected = (1.0875 =1, 00778) m, = 0.07972 m, 
| Mass of water j injected/unit ori iginal mass of air. 


0.07972m en toll 
~ 1.00778m,_ =.0.079 = 7.9% of original air Ans 


9. 21 Combustion chambers [Nov. 714] 
The combustion of a fuel i is achemical combination of the consiinents (carbon and 
hy drogen) of fuel with oxygen as a result heat is produced. The main purpose of a gas turbine 
combustion’ is to introduce heat energy into the mass of air compressed by the compressor, by 
burning fuel in it so that the products of combustion can be expanded to Bet useful work 
output. 


The design anddevélopment of a gas turbine combustion chamberis rather difficult 
compared to diesel engine due to continuously high combustion temperatures, large continuous 
flow and high heat energy release: One of the main problems associated with design of the gas 
turbine combustion chamber is to make steady and stable flame inside the combustion chamber. 

The combustion chamber of gas turbine must fulfill the following requirements : 
[May 714, May 713] 
(1) High combustion efficiency : For good combustion efficiency the fuel must be 
atomized into small droplets and mustbe thoroughly mixed with the air. The inlet 
temperature and the turbulence required for mixing should be sufficient to minimize 
ignition delay and hence fuel-air mixture gets sufficient time for penis burning and 
uniform temperature distribution. is) ji. 1 !50'% ! 

(2) Minimum pressure losses : The pressure Jose occurs in the combustion chamber 
due to (i) turbulence and change in mc:nentum of gases and (ii) skin friction between 
| gases and combustion chamber walls. In order to reduce pressure losses, the diffuser 
is provided at entrace of combustion chier ant air is made stagnant or a reversal 

of flow if it is required. 
(3) Temperature at turbine inlet must be cémtrolledi The gas turbine requires about 
100:1 air fuel ratio by weight. Therefore, itis impossible to ignite and maintain a 
continuous combustion with such weak mixture. Itis necessary to provide rich mixture 


rHiFYT) 


Gu" 


forignition and continuous combustion, and therefore, itis required to allow necessary- 


air (stoichiometric air fuel ratio- primary air) in the combustion zone, and remaining air 

(secondary air) must be added after complete combustion to reduce the gas temperature 

before passing into the turbine. The secondary air should be supplied in such a manner 

that a thorough mixing of air and products of combustion take place to give uniform 
temperature at the exist of the combustion chamber. 

(4) Stable continuous flame : A stable continuous flame can be maintained inside the 

combustion chamber when the air stream velocity and fuel burning velocity are equal. 
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Most of the fuels have low burning velocities, therefore special flame seabihzateD, 
technique must be provided in the combustion chamber. The common mee fo} 
flame stabilization used in practice are bluff body method and swirl flow inn : 7 

(5) A pilot or recirculated zone should be created in the main peri to establish a stable 
flame which helps to ignite the combustion mixture continuously. ; 

(6) Complete en Sire of the fuel : Any unburnt fuel in the sense of the eons 
value per kg not utilized, is directly reflected in the fuel consumption orthermal e oe 

(7) Ignition must be reliable and accomplished with ease over wide range of atmosphere 
conditions, especially in aircraft applications. ant ae piel 

(8) The volume and weight of the combustor must be kept within reasonable limits. ; 

(9) Carbon deposits must not be formed under any expected condition of operation. 


Types of combustion chamber : WL 


The combustion chamber of gas turbine can be classified into three main types 
(1) Turbular or Can type . ! nil lau patie 
(i) Can type combustion with swirl flow flame stabilizer Z 

(ii) Can type combustion with bluff-body flame stabilizer. °\.10.1. 04 agli 
(2) Annular type od saar u vs , 

(3) Turbo-annual or can-annular type : 

Can type of combustion chamber are widely used for industrial applications: However, 
itis not suitable for aircraft engines, due to large frontal area and weight. Can type combustion 
chamberis most suitable with centrifugal type compressor since diffuser divides the compressed 
air into channels. This gives good control of combustion. Tel hes hha 

Combustion is initiated by an electric spark and once fuel started burning, the flame is 
Tequired to be stabilized. A recirculated or pilot zone is created in the main flow to establish a 
stable flame in order to sustain continuous combustion. Based on this flame stabilization 
techniques the Can type combustion chamber.can be classified as swirl flow flame stabilizer 

and bluff-body flame stabilizer. ) pitts 6 SUID NY 
As shown in Fig. 9.32 a Can type combustor with swirl flow flame stabilizer, in which 
fuel is injected in downstream in the same direction as the airstream. } 
The can type combustor consists of diffuser, flame tube which is divided in three parts 
based on introduction of air as primary zone, secondary zone and tertiary (dilution) zone. 
Diffuser : The function of diffuser is increases the static pressure and reduces the speed of air 
in order to diffuse it. Airfrom the compressor enters the combustion chamber at ahi gh'velocity, 
hence, there is necessity to reduce the velocity of air before entering the chamberso that the 


flame will remain alight through the range cof operatin condition. This is achi i 
a ! “ 7 Ig ; si is is achieved with the help 
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Fig:\9.32 Cantype combustor'with swirl'flow flame stabilizer 


Flame tube : As we know that the air fuel ratio in the combustion chamber (CC) is 100:1 

while the stoichiometric ratiois about 15:1. Therefore, itis necessary to introduce the air in 

stages as per requirement. This is achieved by means ofa flame tube which metering the air 
flow distribution along the chamber. wi 

Primary zone: In the primary zone about 15 to 20% of total air from the compressor is 
directly fed through a swirler to the burner as primary air, to provide a rich fuel- air mixture; 
(whichis necessary for rapid combustion) in the primary zone which continuously burns, , 
producing high temperature gases. ; ; : ; 
Swirler : Primary air flowing through the swirler (twisted radial vanes) produces a vortex 
motion creating alow pressure zone along the axis of the combustion chamber to cause reversal. 
of flow. This is called recirculation of flow or flame stabilization, , 
Secondary zone: About 30% of total airis supplied through the holes in the flame tube in the 
secondary zone through the annulus round the flame tube to complete the combustion. The 
secondary air must be admitted at right points in the CC, otherwise the cold injected air may 
chill the flame locally thereby reducing the rate of reaction. The secondary air not only helps to 
complete the combustion process but also helps to cool the flame tube. 
Tertiary zone : The remaining about 50% of total air is mixed with bumt gases in the tertiary 
zone to cool the gases down from 2000°C to the temperature required at inlet to the turbine 
about 1100°C which is suitable for turbine blade materials. ; 

Fig, 9.33 shows a Can-type combustor with a bluff-body stabilizing flame. In this 
combustion chamber, the fuel is injected upstream into the air flow and a sheet metal cone and 
perforated baffle plate ensure the necessary mixing of fuel and air. The low pressure zone 
created downstream side causes the reversal of flow along the zones of the combustion chamber 
for uniform mixing and good combustion. 
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Fig. 9.33 Can type combustor with bluff-body flame: stabilizer 


9.22 Combined steam and gas turbine power plant::;)" 1 A, be Fotintd 
/ ota [May 715;May?14;May’12)' 


As we know that gas turbine plants are generally used for supplying peak loads with 
other types of power plants (e.g. steam and hydro power pl ants) because gas turbine pl ant has 
aquick starting and good response characteristics. The temperature of gas turbine exhaust lies 
between 400 to 500°C and contains about 16% O, and 70% of initial quantity of energy 
carried away by the exhaust gases. Due to large exhaust loss the gas turbine plant has a low 
thermal efficiency (about 30%). Also, fuel used in gas turbine is costly, therefore cost of power 
generated by a gas turbine plant for utility system is high. To overcome its low cycle efficiency, 
a gas turbine plant may be used in conjuction witha steam turbine plantin an utility based load 
station to offer the advantages of gas turbine as quick starting and stopping, and permit flexible 
operation of combined plant over wide range of loads. ; ie 

Acombined cycle as the name implies is a combination of two cycles operating at 
different temperatures, each of which could operate independently. The heat rejected by the 
higher temperature cycle (Topping cycle) is recovered and used by lower temperature cycle 
(Bottoming cycle) to produced additional power to realize an improved overall efficiency. 


Topping cycle may Otto, Braytori or Rankine cycles. Bottoming cycle have all been Rankine 
cycle in all the cases. \ % r j 


Incase of steam and gas turbine combined cycle, the toppin 2 plant operates on Brayton 
cycle and bottoming plant operates on Rankine cycle as shown in Fig, 9.34. 

The exhaust gases coming from gas turbine has a temperature about 400-500°C 
hence it carries large amount of energy. This energy goes as a waste if it is rejected to 
atmosphere. This waste heat energy may be utilized to produce steam in a Heat Recover 
Steam Generator (HRSG) and may be expanded in the steam turbine to developed Saino 

power. This combination is termed as steam and gas turbines combined aa power oat 
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Fig. 9.34 T-s diagram, of combined cycle (steam and gas turbine) power plant 
This combined cycle efficiency ranges from 47 to 60% as compared to 30 to 40% of 
conventional steam or gas turbine power plant. Itis desirable that the exhaust gases temperature 
of gas turbine should be above 570°C otherwise the steam cycle will be inefficient resulting 0 


lower combined cycle efficiency. ' 
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Fig. 9.35 Schematic diagram of combined cycle (Steam and gas turbine) power plant 
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The combined cycle power plant as shown in Fig 9.35, after the expansion of gases in 
gas turbine the exhaust gases passes through HRSG that generates steam at one or more 
pressures. The steam is fed to steam turbine that drives an electric generator. In this arrangement 
the gas turbine can be decoupled from the operation of the steam turbine, allowing for steam 
turbine shutdown with continued gas turbine operation. | 


* Advantages of combined cycle power plant-. | [May 15] 


(i) High overall plant efficiency : The efficiency of the combined cycle plant is better than 
simple gas turbine or steam turbine. It can be possible upto 60% with new gas turbine 
technologies. = wee | 

(i) Simplicity of operation : The combined cycle power plantis generally operated fully 
automatically. Hence it is suitable where operating staff is less experienced. ; 

(ii), Great operating flexibility : The combined cycle power plant makes it possible to 
start up and shutdown the plant quickly with less start-up losses" '” eee 
(iv) Less water required : The amount of cooling water required is only-about 40 to 
that of steam power plant. ‘ ! i aichiad 262 i SOF 


n 


50% 

(v). Less environmental impact : Gas based combined cycle power plant may be suitable 
foruse in heavy populated area due to their high efficiency-and low emission levels of. 
pollutants. Since, it is produced very less NO, and only 40% CO, produced compared 
to coal fired steam plant. 

(vi) Dual applications : Combined cycle power plantis highly suitable for co-generation of 
heat and electricity. A part or full quantity of steam generated in HRSG may be used for 
process heating or a part of steam may be bled from low pressure turbine for process 
heating. chi Be ae ee er 

(vii) Phased installation : The installation of gas turbine plant (topping cycle) is much quicker, 

soitcan start generating electricity while the installation of stéam plant (bottoming cycle) 

may be under construction. This makes it possible to adjust the growth in demand for 
energy in agrid. Later on, combined cycle may be Operated with coal gasification if price 

of natural gas or oil is increased considerably. ee as a 


¢ Importance of combined cycle power plant. __ as e [May 12] 


As we know the prices of fuel is increased, the high efficiency energy coriversion 
systems are atmost desirable. There is great potential for increased efficiency in energy converting 
devices by recovering waste heat to a greater extent. Development of combined cycle is the 
most efficient and effective effort in this direction. Since the maximum efficiency of an ideal 

heat engine is equal to the Carnot efficiency (Noamo,= 1 -T, /Ty)). The actual efficiency of both 
gas turbine and steam turbine power cycle are much lower due to (i) large temperature difference 
between Ty (heat source) and the temperature at which heat received by working fluid, (ii) 
temperature difference between T, (heat sink, surrounding) and temperature at which heat 
rejection takes place, Earlier gas turbine plants operated at low pressure ratios (6 to 8) and 
combustion chamber and turbine inlet temperatures were limited to 700°C due to the metallugical 
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me possible to use higher 


pressure ratio (26), and turbine inlet temperatures of 1200°C andeven higher. The high Lao 
ratioand higher inlet turbine temperature increases the thermal efficiency. But, the temperatu : 
of exhaust gases ofgas turbine is much greater than atmosphere. Therefore, there is grea 
thermal irreversibility and a decrease of availability because the heat transfer (rejection) to. 
atmosphere through such a large temperature difference. Also, in case of steam turbine cycle, 
steam temperatute in cycle does not exceed 600°C, and hence there is great thermal 
irreversibility and a decrease of availability because of heat transfer from combustion gases to 
steam through sucha large temperature difference. 

If steam and gas turbines cycle works together, then it is possible to reduce the heat 
transfer temperature differences, as gas turbine cycle works at high temperature and steam 
turbine works at low temperature. Therefore, the heat supplied to gas turbine is possible at 
higher temperature and heat rejection takes place in condenser at surrounding temperature. 
By superimposing a high temperature gas turbine plant (toppin g cycle) to steam turbine plant 
(bottoming cycle), a higher energy conversion efficiency from fuel to electricity and minimum 
heat loss can be achieved. Hence thermal efficiency of combined cycle is increased to a great 
extent. Combined cycle power plants are gaining increasing acceptance as alternatives to 
conventional or nuclear cycle due to high thermal efficiency as high as 60% utilising natural gas 
as fuel. The combinedcycle power plant not only increases efficiency, also offers utilities the 
gas turbine advantages of quick starting and stopping and permit flexible operation of the 
combined plant over a wide range of loads. | : 


9.23 Different arrangements of combined cycle power plant 


(1) Steam and gas turbine combined cycle without supplementary fuel firing 
Tn this case, the heat in the exhaust gases of a simple gas turbine plant can be used to generate 
steam in HRSG. The steam generated is used in steam turbine for power generation as shown 

SN Fig 9.3578 BSE anal pe at asl 

(2) Steam and gas turbine combined cycle with supplementary fuel firing :In 
this case, thé heat and O, carried with the exhaust gases both are passes through the waste 

‘heat boilerin which the heat added to gases by supplying the fuel in the secondary combustion. 

chamber (supplementary fuel firing). The steam generated in the boiler is used to produced 

electrical power as shown in Fig. 9.36. : ewan oe, 
The supplementary fuel firing system is provided in HRSG to produce more power 
* from steam turbine plant. However, supplementary fired combined cycle is less efficient than 
unfired due to less utilization of waste and supplementary heat. Therefore supplementary firing 
is becoming less and less attractive. Generally itis more profitable to burn the fuel in the 


combustion chamber of the gas turbine plant itself since the heatis supplied to the system at q 
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; temperature higherthan that in the steam cycle. : ig 
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Fig. 9.36 Steam and gas turbine cycle with supplementary fuel fired plant... 

2" " 3) Steam and gas turbine combined cycle with process heating : In this case, 
“the heat in the exhaust gases of gas turbine plant is used to generate the low pressure steam in 
HRSG. In addition to HRSG, the steam boiler is used to produce hi gh pressure and temperature 
steam. This high pressure steam and low pressure steam from HRSG are expanded in non 
condensing type steam turbine to produced the electricity. The exhaust steam coming from 
steam turbine is used as process steam as shown in Fig. 9.37. This type of co-generation is 
most economically used in process industries such as chemical, steel, paper and petroleum 
refining. This arrangement has a considerable advantage as it does not require steam 
condensing system with its capital costs, Italso minimizes, the impact of heated discharges to 
the environment, : 


ae 
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Fig. 9. 37 Combined cycle power plant with process heating 
9,24 Thermodynamic analysis of combined cycle 


Let us consider two cyclic power plants coupled in series with aaa eNRARY fuel 
firing, the topping plant operating on Brayton cycle and the bottoming one operating on Rankine 
cycle as shown in Fig. 9.38. 

Let, Qy= heat supplied to the combustion chamber of gas turbine plant 

Q4 = heat rejected by gas turbine to HRSG 

Q, = heat supplied to HRSG through the supplementary fuel firing 

Q, = heat rejected by condenser to cooling: wales 

1, = efficiency of topping cycle * 

N= efficiency of bottoming cycle 


1 = overall efficiency of combined cycle” ee 
Efficiency of topping (Brayton) cycle i 
\ Mj i 
a1. 24 reves’ ay 
eo Oe =Q5MQ EN | 9 
Efficiency of bottoming (Rankine) cycle 0.20) 
n i: a Os az thas Tenet a9iidg vty snide) REQ ov 
. Q4 + D5 Ge Com V(Qy +0) ety sa wh 


Filtdcg, 
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1, == Ny MA- 1 )Q, + Q) (9.21) 
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Fig. 9.38 Combined cycle power plant with supplementary firing 


Efficiency of combinedcycle . } 
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2. (9.22) 
Q +) 
From equations (9.21), QO, putting in equation (9.22) we get, 


_ =n )M=1,)0, + Qo) 


nal- 


QO, +Q, 
ta _ G=Ny IQ, — 2 + YI 
Q,+Q 
=|- Q, —NyQ, +2, -N2Q +1ND =1,2 
bh 
=|- (Q,+0,)- n,0,(1- Ty) ny(0) +2) CALLS 
G0; 7 
oy -14 AE) 
Q,+Q, 


If Q, =0,No supplementary fuel firing, then A fs i ' ‘ 2 


n=n) +n (l-n,) 
This is efficiency of a ‘combined cycle without secondary fuel firing. ' 
Inthe combined cycle power plant, even if individual efficieticies are lOWAtis possible 
toachieve a fairly high combined cycle efficiency, which cannot be attained by a single cycle. 


For example, if n; = 0.3 and nN = 0.35 rug ott} oF beilqque zoW 
*, n= 0.35+0.3(1—0.35) =0.545= 54.5% ~~ 6 a\~ \) m= 
Consider m, kg/s of air entering to the compressor. “vo boridmos yd basuli ~~ en 

Ideal compressor work Wo =m, Coa Ty - -T,) crayontl + yo l= 


aST hy 
. T 
Actual compressor work Wo = MgC pq (Ti -T.)= mete fl = 
adeno *HS19iTt9 Ise y 
Ww 


wu 


hi = 
where 1, “compressor efficiency. = = U-T, 


-M_PPE1 631 qT, ~T, 
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Mea Le ee 2 eee 
Ideal heat supplied to combustionchamber 
(2. Ops mg XCV.= Ong, + mg )C pg Te ~Th ) 
Actual heat supplied to combustion chamber 
- QQ = m\C-V-XNcomb = (mf = mg)C pg (T, oT, ) 
-Ideal work produced by gas turbine 
Wr =(m, + mp )C pg (T, -Ty) 
Actual work produced by gas turbine 
Wor = (m, + my og (T, -Ty xn, 
9] u T, -Ty 
where, ), =turbine efficiency = 7 
sn : ¢ de, Ty 


ye YN off 
Heat supplied to the HRSG for supplementary fuel firing, 
Q = mf, xCV *Neomb 


The temperature and pressure of steam coming from HRSG depends upon the temperature of 

gas turbine exhaust entering into HRSG. The steam cycle efficiency is satisfactory only when ~ 
\ ‘the gas turbine exhaust temperature is above 570°C. 

Considering the heat balance in the HRSG 


(mg + mip + my, VCyg (Te ~Tq) =m, (I, — hy) 


=(m, tmz +My Mpg Te - Ty) 


Cit ith 
___ Where m, =mass flow rate of steam, 
. Work produced by steam turbine. «)-,;° j:= akan atoxol 
Wer '= mg y= hy) 
Work supplied to the pump ; i . fis 
W, =I, (Ig — hy) 32 be UTE OE 
Net work produced by combined cycle power plant!) +! 


Wret =WnetGr + Wnet(sr) 


= Wer —We +Wsr:— Wp 
Thermal efficiency of combinedcycle 
W, 


= het 
qH=— 


“Opt Opie erga 
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Gas Turbines By 
Problem 9.11 Ind‘ combina 


ss Nd con elem 
hour at 26°C and I'bay nin cei sate 
850°C. The pressure eae essuresThe maximum temperature of gas turbine is 
10 18. 8. The exhaust gases coming from gas turbine, 

entering into heat recovery: steam ‘generator. The 


Take,C. 
Bet aly 


Solution : 


26°C = 299 K, p, = | bar, 


Se. 
500 tones/hr = 416.67 kg/s, T= 
T, = 850°C = 1123 K, py/p, = 8, T= 200°C = 473K, 1.\=Nop =Ngp = 100%, 
. 1 


Coa =Cpg = 1 kI/kg K, y= 1.4,CV = 41,000 kI/kg, Pop =2, Pop =? sfe-= 2 


Nur) =? “sry = 2, n=? ae! 
Gas turbine cycle : isk Kimagie 


i 


y-1 
. 7, PY, OX sae : Las 6 ) 
For process a-b, -& —| Pb : Leas; 
‘ Ale “. T, =299x(8) 14 ='541.62 
A OBOLALT © Th.SCQIOL — REET 
hia 14-1 


spy ra 


QT, 
For process b-c, assuming ideal condition,“ ’! : 
Heat generated in CC-I = Heat gain by gases robes adidast m 


i my ‘CV =(m, +m, We (T; -T,) 


j T. y wlll Spael &by i yonoton 
For process c-d., —¢ ts Ty =1123x(2) » = 619.94 K 


“mg =5.99 ke/s = 21.56 tones) LOM = sh gi\iah.tal 


For process d-e, assuming ideal condition, pine sah Ans 
Heat generated in CC-II = Heat gain by exhaust gases’ ~*~” A 


f, My “CV =(m, +n, tims) Co, (T,-=T,) 
. My x41,000 = (416.67 +5.99 + mp )X1X (973 - 619.94) 
2 


“My = 3,67kg/s = 13.21 tones/hr 
2 
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= 21,56 +13.21= 34.77 tones/h, 


Te 
tal mass of fue] suppliedto the plant m, =m, +h 
c 


| 50% 


Fig. 9.39 
Power developed by gas turbine plant 
For = Wer — We. 
=(m, +mp)XCpy X(T, -T,)-m, XC pq X(T - Ta), ° 
= (416.67 + 5.99) x1x (1123 - 619.94) — 416.67 x1 (541.62 - 299), 


Tol 


= 212623.34 — 101092.47 = 111530.86 kW Ans} Tl 
Thermal efficiency of gas turbine plant _ 
Por 111530.86 ud 
=—_*— _ =——— x100 = 45.41 
WET) a, XCV ces : ae Bs lg cies 
Steam turbine cycle: DMO ga be 
From superheated steam table, at 50 bar and 500°C , ( . 


h, =3433.7 kI/kg, s, = 6.977 ki/kg K 
From saturated steam table, at 0.07 bar 


hy, =163.4KI kg, Ip, = 2409.1kI/ kg» 
Sp, =O.S559K kg, Sp =T.TLTK kg K. 


For process 1-2, 5, = Sy “= Sp * Xs 


"6,977 = 0,559 + x (7.717) 


eo 
WX = 0.83 
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Th = hy +3yhg, = rear = 2172.9 Kdikg 


Beane Pump work, hy hy =h, = =163.4kJ/kg 


it balance in HRSG, assuming wd condition 
Heat rejected by gases = Heat gained by steam 


“(my + Mg +My )XCpg X(T, -T,) =m, (h, —hy) 
«. (416.67 + 5.99 + 3.67) x1x (700 — 200) = m, (3433.7 — 163.4) 


ni 


q "Mm, = 65.18 kg/s 
wer sre by steam turbine plant 
=Wsr —Wp 


{ Hache =m,(h, —h,) . (neglecting pump work) 
eh= OS 65.18x (3433.7 — 2172.9) - aed 9 ' 
= $2181.58 kW An 
Total soe produced by combined plant vous ‘ . 


= Pop + Pop = 111530.86 + 82181.58 = 193712. 44 kW 


t m 4.77 
my 3 x10° A 
{ fuel ti = =0.179kgkWh ns 
Specific fuel consumption = 193712. 


hermalefficiency ofsteamcycle . i | 
“E, Pore 
NynGr) = Heat gained by steam or-heat rejected by flue gases 


P. " g0181.58 
est x100= 38.55% _Ans 


m, (hy, — hy) “65. 18x (3433.7 - 163.4) 
Thermal efficiency of combinedcycle. - 


Net power output _ , Por + Por 
Yo = Total heat supplied (m f 5 my )xcV 


_ (111530.86 + 82181,58) 199 <4g.gim = Ans 
(5.99 + 3.67) x 41,000 
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= 20°C =293 K) Pp! Pa 


Solution : Given Data: m, = 2000 tones/hr = 555.55 kg/s, Tq 
= 0.85, CV'= 45,000 kJ/kg, 


=7, py = 1 bar, Te = 1000°C = 1273. K, 1 :=0.8) 1) = 
T, = 1200°C = 1473 K, P, = 50 bar, T, = SASS ‘Py O11 bat : 


Cra = 1 kikg K, Y = 1.4 for air, C 


Gas turbine cycle: 


ra ~ 
For process ab, “b.=| Ph)" iy) og ='093x() 1, = 510.88K.- 
1, Pa Va,t PR) 
Mi des, 3 * (510.88 - 293) . 
Also, =0,8=2—+ ES cet! _ (610.88- 293) | 
i Tato ik YO Pela Ln 93 = =36535K 
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i 

1, =1213%( 5) 3 785.49K 
7 


T,-T. : 
=0.85=—2= 4 ‘ 

Also, 1, = 0-85 a 358.61 K 
ce “d 


Heat balance in combustion chamber 


Sor] =1273-0.85(1273 785.49) = 


a “CV =(m, my): Cog -yaT; ) 


my, X 45000 = (555.55 +m )xL.1x (1273 565.49) _ 


“. Mp = 9.77 kg/s. 
Power i gas turbine plant’ ja. bet = 


palm, +p) Coe -Tj)—m, °C me es 


= (555.55 +9.77) x1.1x (1273 — — 858.61) — = $55; 55x1x (565.35 —293) 


= 106385.2 KW = 106.38 MW 
4 Heat balance in secondary combustion chamber 


at hy, 


rey = (m, + my tmp) -Cpg m0 re wa 


mp x 45000 = (555. 55+9.77 + my, )xi. 1x0473- — 858, 61) 


m,, = 8.62 kes 
Shanti turbine cycle : 
At pressure SO bar and 500°C, from superheated steam ahi. 
h, = 3433.7 kilkg, 51 = 6.977 kikkg K 


bar, from saturated steam table, 


Atpressure 0.1 
= 7392. 8ki/kg, 


hy = 191.8 KMKe, "Yer 


s, = 0.649 ki/kg.K, 5 jg, = 7.501 kilkg K 


ae isp = Sfp oy Sp 


For isentropic process 1-2, $1 = 593 
= 0. 84 


6.977 =0.649 + x, (7. 501) 
= 0.84(2392.8) = dong 4 ki/kg © 
Now, fy hg, + Aah, =19EE* ( 


af 


Scanned with CamScanner 


‘ Power Plant Engineering’ : 


Neglecting pump work, h, = h, = hy, =191.8 kJ/kg 
Heat balance in HRSG : 
(img +g 1p) Cg “(Ty Ty) = Mg (Ty — Ia) 


| 2. (555.55 + 9.77 + 8.62) XL.1X (1473 — 473) = m, (3433.7 — 191.8) 


vem, =194.74kg/s 
Power developed by steam cycle 
P., = Wop —Wp =m, (iy — hy) ” (Neglecting pump work) 
=194.74x (3433.7 - 2210.4) = 1K 


= 238227.85 kW = 238.23 MW 
Total power generated by combined cycle 


P = Pyp + Po = 106.38 + 238.23 = 344.61 MW Ans 
Overall thermal efficiency of plant —— ry } 
: een 
Pe Port Por 344.61x10° - x100 = 41.64% Ans 


“OQ, (m (0.77 + 8.62) 45000, 


pee 


Si 


ee le 
re 


As tO 


‘olution : Given data : T, = 1100°C =1373 K, 7, = 20°C = 293 K, Py! Pq = 8, M, = 
(actual) = 5xm, (theoretical), T, ='1000°C = 1273 K, T; = 300°C =573 K, .p,, = 80 bat) 
T, = 600°C, T, = 150°C, mr =2, m,! m, = 2,P= y m, F 15 kg/s, 1, L vn Py =0.05 


bar, CV of fuel = 61,600 ki/kg, Cpa'= Cpg = 1 kikg K,y= 14, n, =", = 100%. 
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gas Turbines 
oe =— s 473 


as turbine cycle : 


. yl 
For process a-b, Th | Pe \¥e 
4 vac ites \, Pa 


-1 3 


yw 
rocess c-d, Fe. = Py t 
Ty Pa 


or combustion process b-c, : 
The combustion reaction taking place in combustion chamberis givenby . 


CH, +20, = CO, + 2H,0 


“. (12.44) kg of CHy + (2 x 32) kg of O, 
5 (12 +32) kg CO, +2 x (2+ 16) kg of HO 


. 16 kg of CH, + 64 kg of 02 =44 kg of CO, +36 kg of HO 
. Lkg of CH, +4 kg of 0, =2. 75 kg of CO, + 2.25 kg of HO 
. Amount of O, required = Akg/kg of CH, 


x = 17.39 kg perkg of CH, 


A Me Re Naat M 
Conk " =757.95K 


. Amountof air required = 


as '», Actual air supplied= 5 x theoretical air required 
hg - m,, =5X17.39 =86.95 ke/kg of fuel 
( fr  Amountof fuel acon of air flow in ech) 
fe i” 6 avin fo ga Bi 
i! -—) 200115 kg 
e ™ 1” 86.95 
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Energy balance in supplementary combustion chamber 


my, XCV = m,Cpg Te —Ta) \ 


2. my, 61,600 = Ma x1x(1273- 757.95) _ 


my, 4 . 
1, 22 = 0.00836 Mice \ 


m 


“mp = 0.00836 kge/kg of air supplied 
Power produced by gas turbine plant . 
Por =(m, +mp)°C pg “Te -T,)-m,T,-T) | 
= (1+ 0.0115) X1X (1373 - 7157.95) — 1x (530.75 — 293) sgloy3 of 
= 384.37 kW/kg of air ; , 


Steam turbine cycle : : 
At 80 bar pressure and 600°C, from superheated steam table 


ty, = 3639.5 ki/kg, 5, = 7,019 ki/kg K 
‘Enthalpy of feed water hy = Cow T, =4.187 x 150 = 628.05 kI/kg 
At0.05 bar pressure from saturated steam table’: 

hy, = 137.8 kilkg, hg, = 2423.7 Kilkg 


ryggr toes! 


Sp, =0.476 Kilkg Ks § fg = 7919 Kd/kg K 


For isentropic process 1-2; 5; =52 - 5 = Sf, + as a 


27.019 = 0.476 +x, (7.919) © #4 = 0,826 
chy = hig, tay, = 137.8 +0.826(2423.7) = 2140.36 kJ. kgs" 


Energy balance in HRSG : 
(rig + 1g, +p) Cog “(R-T))=m, (hy hy) 
+, (1+0.0115'+ 0.00836) X1x (1000 — 300) = m, x 3639.5 + 628.5) °° 
2m, =0.237 ke/kg of air teoitaioorit B= baligqua tic Hhatn? 
+» Mass ratio of air flow to steam flow: Jad 20. ahs CPLEX = a 


a oe ; Tyolbun io ge ylqciisa te smote 
7, 0237 4.218 kg of air/kg of steam Rercratesh Ans 


Ue AY 
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er produced by steam turbine plant 


Psy =m 5, y — hy), neglecting pump work — 


“<= 0.237% (3639.5 2149 36 
Generat ing <i of combined cycle plant 


P=Po,+ Por = 384.37 + 355.3 = 739.66 kw 


=1.5<739.66 = 1109: SkW io m, = 1.5 kg/s) Ans 
4 Now, total heat supplied to the plant ., ; \-- 


Q, = (my, + mp)XCV = 


) = 355.3 kW /kg of air 


= (0.0115 +0.00836) x 61,660 = 1293 


376 kW/kg of air 
= 1.5X1223.376 = 1835, 064 kw 
eral combined cycle plant effi iclehey 


1109.5 om 
Jeae 7, X100 = 60.46%-— Ans 
1835.064 


nN, 


lo 


eae 
Q 


nents 
Solution : Given data: Py! Pq = 8: T, = 15°C = 288K, T, = 800°C = iti 


3 
160°C = 433 K, p, = 20 bar, 7, = 400°C, p, = 0.05 bar, P = 50x10? kw, 
T, = = Dh, ‘ 
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n. =08, Nor = 0.82, Ns =0.8, C, pa = 1.005 kik K, Y= 1-4 for air, Cog = LAL ky 


E =27,) = 
kg K, y = 1.33 for gases, NyiGr—plant) = ?, WM Raicattey =}, Me =?,.m,=%,1, =? 


/ Fig. 9.42 
Gas turbine cycle: , ; 
ae 
D,\-¥ at Lal 
For process a-b, —& =| 6 it ie = 288x (8) 14 2521 OOK. 
Pa) ver . 
i TE =T. 
Also, n,.20.85—b a forte 20 
T, -T, 0.8 
ya. sare 3s Ad 
1,33 > 
For process c-d, q =| Po i “T= 1073>( 5) : = 638.01K 
T; Py 8 
To 1; , é . 
Aled, gp +8825 *. T, =1073—0.82(1073 — 638.01) = 716.31K 
ec “d : : 4 


eee balance in combustion chamber-I 


, 


my, XCV =(m, + my ):Cye “(T, ~T;,) 


my, XCV =m, Cpe AT, sO lat (» neglecting effect of mass of fuel) 
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Bourse 


my, =1.11><(1073 ~580,1) x22 


my = 547.12 a li) 
i ! CV 

er produced by gas turbine plant 
aor 08,0, )-C,, AE Ty om, 0,9, do 


Sith Co, CO, HT Stay CLG, = E) 
(-: neglecting effect of mass of fuel) 
ee ee m, 


a 7 = 102.35 m, ‘ Nj, 3 : Gi) 
Steam a cycle : ‘ cs ‘ 
A t pressure 20 bar and 400°C, from apecheatel steam table 


hy =3248.710/kg, 5, = 7.130 Kiikg K 
At pressure 0.05 bar, from saturated steam table — 


hy =137.8kIkg, hy, = 2423.7 kI/kg 

Sp, = 0.476 ki/kg K, “ita =7.919 Kifkg Ks 

Forisentropic process 1-2, 5, = 35, eo +5, = Sp ate 
17.130 = 0.476+x,(7.919) , x= 084 

“hy = hy ae Xph fe, = 137.8 +0.84(2423.7) = 2174.33kd | kg 
leglecting pump work, hy =h, =h i 137.8 k/kg 


Se 
Energy balance in CC-II 


“Mp: “CV =m, x1.11x (1073 - 71631) 


(..T, =T, = 800° =1083K, assumed) . 
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m, = 395.92 1 Gi) 
h cv 
Total mass of fuel supplied cL cb? 
m, mq ie 
= = 12—2 + 395.92 — 7 dbsanwbowg 
My = Mp +My, 547 la +3) in ad evabs 
_ er ce Gas 
i 
Energy balance for HRSG i Pay a ghee 
(mg + my tay, )> Cg Ter Ty) = my — hy) 7 


Neglecting effect of fuel, we get |)’ aiy—erOb 


Mg *C pg *(T, ~T;) =m, (hy, — hy) 
a ae eects 137.8) 


ylisque mot. PROP bs 


~m, =0.228m, 
ALT OEL.Y = 52% 
Now, sicaiaiicbans om dency is givenby’ = goat OF by : ‘ = 
hi J aes 
cae eae Asoka, gna ei- 


ie, steam turbine plant» ;/\\ ce NLe od ‘ 
=m, (i = hy) = =m 5 y= Ty) XNsp Ce neglecting pump work) 
=0: 228m, a j- gh :33)x0. 8 os 
2 Psp = 196.27 m, F 3 

Total power produced by combined Oya pat 
P= Pop + Pop = 102.35m, + 196.27m= Qh= A= yh aow gq 


ho ap 4 (Vi) 


*, 50x10° = 298.62m, ee 103 af oonsind yout 

2 my = W6TAB Kgs 3G gL AME I= TI wg 
Gas turbine plant efficiency 74 dew 

: the 102.35m,_ Kot 

A xv "SET, = = 18.7 % ons 


~FTh 
id 
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eam turbine plant efficiency 


Nin¢sT=ptanty = (ee ee 
(m a tm, +m, )-Cy, + (f,-T,) 


Psp 


Se (ese lecting mass of fuel) 
m,-C,, (I, - T,) 8 


196.27 m, 


=a 
m, X1.11x (800-160) 


x100 = 27.63% aia 
Overall efficiency of combined, cycle 


P 102.35m_, +196.27 
No - ee = 31.66 % Ans 
Ah, 9043:05x 2 x CV 
cv 
Mass flow rate of steam m, = 0.228m, = 0.228x167.43 =38.17 kg/s Ans 


i = = PC = 
| Solution : Given data : p,/ Pq = 8: Tq = 15°C = 288 K, T, = 800°C = 1073 K, 
| T, = 800°C = 1073 K, Ty = 100°C = 373 K, p, = 60 bar, T, = 600°C, p, = 0.05 bar, 
1, =0.83, Tier = 0.85, sr = 0.85, Cog = 1.11 kitkg K,y= 1.38 for gas, Coa = 1.005 
or 
Ki/kg K, y= 1.4 for air, P= 190 MW, m, =, m, = 1, Pep =2, Pop = Ny =? 
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Gas turbine cycle: 


For I, ‘7 1 
Process a-b, _& T,= 288x(8) 14 = 521.69K 


a aaa s # 
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For = (mg +m )-Coe , -Ty)-m, "Cra “Oy -T)* 


Hot 
‘ 2, -1/) rig Che Opt.) A): ane stl 
=m,x1. NiRuois be ata xix (569.56- 288) v 
~\ = 407.83m, =281.56m," (PE PBTS~ SOPDE) gi “ £0 
“4 yw VL 
soya bentidmos yd bsoubing’es on 


n turbine igus 3 ‘ ea 
essure 60 bar and 600°C, from superheated steam table we yO" 


h, = 3656.2 kJ/kg, 5, = = 7.166 kilkg Kos AVE + WTSE1 = *G1 x08! 
ssure 0.05 bar, from saturated steam table 
hy, = 137.8 kiIke, My, ag 8 ee 


wiSS.0 = jw ,ozlA 


MIKMKEK ccc ache iniS.08! = gh 


honidmes to — isi 


ol 
at 
hg = h, = hy, = 137.8 IMR ¢- 
bustion chamber - II 2 23.ab = 
“CV =(m, + my *m)" oe (I, -T) _ 
olpig Wenidingy s 


a neglectinge cnet of fuel sup 


cv m, Jeg cm Ty) ; 
CV =m, L110 733) eBay 9 gio RE ah 


-CV= = 408. 06m, : : 
ee wap a tneat uM ‘ 
(mi, + my + imp )- Cog ACP “tn :m ih hi), 

; ae jas d 


m, Cog (, -T,)= = mi hg)” 
Vi_ PPEG_32 
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Power Plant Engineering 
“mq X1.11x (1073-373) = m, (3656.2 - 137.8) 
= 0.221m, w= (yy wAiv) 
poker sitet by steam turbine plant alga 
Pop = 


m, -(h, - hy), (2 neglecting pump work) 
tty Oy Fo) Motor aye sy (8220 
= 0.221xm, x (3656.2 — 2185.35) x0.85, 
1 Pep = 276.29, wi 
Total power produced by combined cycle 


P= Pop + Pop , 


Sonne bag ted Oo s1s2251q 7A 
seartrane Miait oO bene Te) 
nigests botasrrodve mat 2" 


o ol ieee POLS hee 
1, = 471.98 kgs 


o WE 


‘Also, m, ark = 0.221% 471.98 = =1043kps i 
ne 


=126.27m, = 126.27x 411.98 = 59596.9'2 Seraye 8 


Pop = 276.29 m, = 276.29x 471.98 = 13040.3.+ 130.41 mw” 
Overall efficiency of combined ar power plant. 


u PRIS 3 Sox +t 
yiPe edie 2 iV ASeNOOXIOD + BFE Qe 
(my +m, )- cv 558. Bm, +408.06m,. 


“tit 


(7) 


i 


196.51 196. 51 
= x100= x100 _ 
m, 421.2 = 46. 65 % 


0 Ans. 
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ation Given data : 7, = 20°C = 293 K, pq = 1 bar Pal p, =12, T, = 130°C = 


ut, Pz = 0.05 bar, 1), = 0.85, Ngr. = 0.82, "sr = 0.82, Tent = 0.98, Eyesg = 0.92, 
Tn (compressor, turbine) = 0.99, Np p= =09,m ial 2 Ninor- plant = 2, Nynest—plant) = 
thy = 2 Cpa = 1.005 kilkg K, y= 1.4 for air, C,=112 kdikg K, Y = 13 for gas, 

_ Gasturbine cycle: ai gah 


, y- ineig onidius ne vd bawubow 

; Th Pp ) : 14-1 : 

_ For process ab, 7 (By) sige te Ty = 293x (12) 4 »='595.94K ~ - af 
iy ‘ia ge ay é 


q swat 


ages ohn x @F.120138F SeaaaT 299) 69.44 
is 3 200. BPS 
; wm ‘ tip to gat Py isa ine 
For process c-d, Te _{ Po |" Ty =1573x =08 3 297347 Kale anichss esp 
Ty Pa ae Tel watt 
c i, 
= f =158- -0s0573- -9183 oui oon 38K° 


rE balance for combustion chamber of gestubine _ ads ail 
)Cog° (To a puudae sTOTL ASG S S1uee tA 
12x (1573 - 649.4) *-" zc grit 


mp *CV XNcomb ~ (m, +m; 


x 42,000%0.98 = (m, +my)x1 


ie m, 
ott sym, =0.02578m,. 20 caee.e = he ait 
“ity sidst ygutng mort asd 20.C eiA 
lip Lm, = o.o2s7skgkgofair tn av et = ‘Ans 
Lae f Heat supplied to GT plant ee le 
tes Q,,= mpXCV- 240 A gh ers baolNbl OTP.0 =) 
‘ 
* = 0,02578%42,000 = = 1082.76 Kihkg ofr» S| eve oman 
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Je My = 0,835 
ws My = Ryn +24) poy = 137.8 + 0,835(2423.7) = 2162.39 KI kg 


_ Forisentropic process 1-2a, Ss 


= Soq 1 ; ‘ ve pa 
pe eee) 4X4 210,993 ee 
J Ng = 20 * Xaghggng = 504.7 +0:993(2201.6) = 2690.22, Kg re 
h, = Np etn = ligng = 504.7 kJ/kg 
ppt 
ahyg _h-h, 
ile = 2 
Also, Ms y-hyg h-h, 
VE 3445—hy, ___ 3445-1, 


3445 = 2692.22:°°3445 — 2162. 39 


E ©. hy, = 2827.72 ki/kg and hy = 2393. 25 ialkg,- ote yd beouborg 
: Eeump work supplied to BFP 


( AC a ow) : ~~ 
dina Vy2q(Pi ~ Poa), 0.001061» (40 - “apa 
CALL ar a a ‘ 
3 Np 0.9 is-}o wala A“ = 
=4.479 bh steam 
~ But, Woo =m, (yg hyp) <i PS = SEtr I + ES. 
uth 
Fe 2. 4.479 = 1x (hy, — 504.7) sé 
q = 509.18 kI/kg of steam or ae gi 
“Pump work es Re Rg ES 
ee Pa ~ ognionsatee 0.05)x10°_ 
(es pa Np gt. “0.9 * ee ale 
- = 0.2177 ki/kg of steam here 
Pay = 4a Thy) XC, Mh) 04 CRO] RO +e aTeseh LS g 
pM 10.2177 =1x(hy, — 137.8) ; constsTngsisy b 


‘ ay 


“+ hyq = 138.02 ki/kg of steam << >: BOT ponte" ts 
hal pump work 4.479 £0.2177 = =46967kI/kgof steam © 
q Energy balance for HRSG 
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(m+ m5)-Cy. (Ty - T,): ziss 2,0 Nye) 1s) 
“(1+ 0.02578) x 1212 x (1081.38 — 423) xO. 92 =m, sae aan one 


+ m,. = 0.237 kg/kg of air 


Total pump work /kg of air=4.6967 x 0.237 = 1: 1132 kI/kg of'ait~ 
Energy balance for deaerator 


m1, +(m, 9 Mya a rhs 
My hy, PL Nga = myhy, —mIgg , : 
‘ : ff a 
ieee 4 ter .O2LA 
Chay mae An i 
ms) =m, ( eh 
Iyg - ta) 


Ar CERO 080.2: 
m,, = 0.237% 504.7 =138.02._)_ poses ge ofa air“ 
‘ 2827.72 - 138. 02 n 3 


Work produced by steam turbine “*' ’ ~~ 


ve gers 


Wop = 1, (Fh, — tag) + (mn, — my, Ming =h), 


= 0.237 x (3445 = 2827. 72); £ (0237-0. (323) x28. 72 -2393:25) 
= 235.23 kJ/kg of air * 


Net work produced by steam power plant , teste to WANLA OTA. = 


Wer(net) = Wsr —Wp = 235.23 - 1.1132 = 234.12 kI/kg Of air’) = oY 
Steam turbine plantefficiency “Pa OUbR = 

a he Wsr net) 

Nunst-plant) (m, + my)-Cop (T, -T 


6 234205; 


= 14 0.02578) x, 12x 083 as Sr 5 "100% (10813 38+ 423) 
= 30.95% 


F #2 lo whl fTISO = Ans 
Total heat supplied to the plant ; A 


Q, = Q,, +0, = 1082.76 + 0 = 1082.76 Kg of XC hr h}st ye 
Combined cycle efficiency 


_ Worinet) +Wsrnet) _ 197,36 + 234.12’ 


° Q, oe 1082.76! x100 = = 39356. sane ARS 
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925 Gas Turbine blade cooling a —-487 


~The efficiency and power output Of a gas turbine; : 
temperature. Modern gas turbine vanes aiid blades are ith higher turbine inlet gas 
about'1500°C) which far exceeds the melting point of the Somniinters £as with temperatures 
The level and variation in the temperature within the blade materi: a (metal airfoils). 
which’ limits the use of high tutbine inlet temperature. Therefore thet ne eer stresses 


: : ‘ fore, the bl 

pecooled in order to lower the blade temperature. The objective of lace a haveto 

the metal temiperature at the safe level in order to ensure a long Creep life and me pa fi 
ion. 


rates! Cooling air around 650°C is extracted from the compressor and Passes through th 

airfoils. With the hot gases:and cooling air, the temperature of the blades can be cma ‘a 
approximately 1000°C, whichis permissible for reliable operation of the turbine. However 
theextraction of air from compressor decreases the efficiency of the turbine, since less air is 


available for power generation. 


4 1. Maximum cooling with minimum cooling air is therefore needed 
for effective blade'coolirig. *' °° -" li 
____ There are following two types of blade cooling techniques émployed to bring down 
the temperature of the’blade material temperature below its melting point as internal blade 
cooling and external blade cooling. : 
(1) Internalcooling” 

In this method of cooling,'relatively cold air from the compressor is bypassed and 
passed through the hollow passages (circular or elliptical) inside the turbine blade as shown in 
Fig. 9.45(a). In the internal cooling, heat is removed by conduction and convection. Relatively 
hotter air escapes to the main flow from the blade tips after traversing the entire blade length in 
the cooling passages: As shown in Fig. 9.45(b) the flow of air impinges in particular manneris 
called impingement cooling. In this case; the cooling air first admitted into the inner shell from 
whichit comes out through narrow and long slots (A’and B). The air coming from slot A and 

slot B impinges the inner surface of the leading and trailing edges respectively. The air from slot 
Aafter impinging, flows over the inner shell and comes out by the holes provided on trailing 
edge... J AG RIDOT 2! HISKUE2OG HF eo te ba 

4] onl i sel 


Core or inner shell 


1 


yl 
STO I 


oe 
: 20 (hy Impingement cooling 
Fig. 9.45 Internal cooling 


Asatte) 


, ig ot 
““@)- °" Convection cooling 
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~~ Extertial tooling = halt! siieiaities 
Cooling gtilea? 208 iscrete location: 
of th a €xtemnal cooling, the bypassed airis exited out through small holes eee the 
ns turbine blade. This relatively cold air creates a protective blanke eek 
turbine blade from the hot gas environment. External cooling can be two types 
Cooling (b) ‘cooling. > 


Transpiration or effusion cooling. f cater 

) ling... Feareatty) i air extracted 
Film cooling: In film cooling as shown in Fig. 9.46(a), relatively eset on the 

from the compressor is injected through the drilled holes or precise cas! es aaieaaine 

extemal blade surface. The cooling air flowing out of these small holes forms a 


x 


mae i de against 
layer over the blade surfaces. This relatively cold air layer protects the turbine bla o 8 
the very hot gases at outside of the blades. in qritogn bau wong tod at ati 
i gfe AEG OTH oe eat ti 

"___ Transpiration cooling: In transpiration cooling as shown in Fig. 9.46(b), oracle 4 
cold air extracted from compressor is allowed to effuse from pores of the porous oe e 
This provides blanket of cold air which insulates the turbine blade against the very nee: 
Outside of the blades, Effusion of cold air provides uniform cooling of the blade: ., er 


r 
wot Cooling air passages: 3 +c ‘Porous. wall 


(2), Film cooling at a s 2.6 yi (b) Transpiration cooling ‘' 
; Rae | Fig. 9:46 External cooling). ccy sya sous bt! 
. Anumber of cooling methods are applied to different part of the van 
make the cooling Systems more efficient and spend. a minimum‘of air, the cooling systems 
nowadays usually, include features that increase the heat transfer coefficient and/or increasing 
the heat transfer surface area. The heat transfer coefficient is increased by enhancement of the 
flow turbulence and by breaking the flow boundary layer. The penalty paid for the increased 

heat transfer is higher pressure loss. 

Atypical cooled turbine vare is « 
can pass through the vane internally. Th 
impingementand pin fin coolin ig. Jet impi 


e or blade. To 


: sreatest. With the'cooling j 
striking (impinging) the blade wall, the leading edge is well sui orimpin sean i 
because of the relatively thick blade wall in this area. Impingeme , Pingement cooling 
mid-chord of the vane. However, this technique is not readi] 

edge. The vane trailing edge is cooled using pin-fins. The Pin-fins increase the heat transfer 


LL eba 
‘eh 
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as Turbines =\9 50% = 
: ture of the vanes. After 


‘area while effectivel mixing the coolant air to lower the wall tempera! : 
impinging on the walls of the airfoil, the coolant exits the vane and provides a Lage? “poarce 
the vane’s external surface. Similarly, the coolant traveling through the pin-fin array in j a 
from the trailing edge of the airfoil. The trailing edge pin-fin channel normally has ejec 

through which the spent coolant exhausts to the main stream flow. 


Film cooling! ‘\(.'' 


j 


a 


Trailing edge.“ 
cooling injection 
Fig. 9.47 A typical cooled turbine vane cross section with flow of air 
° for cooling 

The schematic of a modem gas turbine blade with common cooling techniques (intemal 
and film cooling) is shown in Fig. 9,48. The leading edge, pressure surfaces and suction surfaces 
are cooled by film cooling. The leading edge is cooled by jet impingement with film cooling, the 
middle portion is cooled by serpentine rib-roughened passages with local film coolin: g, and the 
trailing edge is cooled by pin fins with trailing edge injection. Although the techniques used to 
cool the blades are similar to those used to cool the vanes, the heat transfer trends in the vanes 
and blades are very different. Because the blades are rotating, the flow of the coolant in the 
passages is altered. Therefore, the effect of rotation on the internal heat transfer enhancement 
must be considered. Rib turbulators are the most frequently used method to enhance the heat 
transfer in the internal serpentine cooling passages, The rib turbulence promoters are typically 
cast on two opposite walls of the'cooling passage. Heat that conducts from the pressure and 
Suction surfaces through the blade walls is transferred to the coolant passing internally through 
the blade. Heat transfer in rotating coolant passages is very different from that in stationary 
Coolant passages. Both'Coriolis and rotating buoyancy forces alter the flow and 
temperature profiles in the rotor coolant passages and affect their surface heat transfer coefficient 
distributions, “oN 
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Squealer tip Tip cap cooling holes | 
; hee i? _ Film cooling holes 


a1 


‘Shaped internal |” 
7 cooling passages © 


L2'Trailing edg 
A. att : “injection 
_ Tip.cap cooling... Spe H 


Sa | |e 


TIN aH 
HIN RYE 
f iisizinist 
Li Ey ; 
HINA hoe 
HINER see “en 
NIZINIZ 
IAN ENy ulated! 
“PS th al go! 
Ni 
1 I 
‘ | PINE 
HIN 
i j INH 
: LN 
g Zz Ul 
Io 


SSS 


Cooling air 
Fig, 9.48 Schematic of a modern gas turbine blade with 
common cooling techni 
ques 
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9.1 Give the advantages and limitations of gas turbine power plant. 
9.2 What are the major fields of application of gas turbine? 
9.3 State the classification of gas turbine power plants. 
9.4 Explain with neat sketch the open cycle gas turbine power plant. Also show it on T-S 
diagram and deri ve an expression for the thermal efficiency. 
9.5 Write advantages and disadvantages of gas turbine plants over steam turbine plants. 
9.6 Explain with neat schematic diagram the working of closed cycle gas turbine. 
ONT Describe with a neat diagram closed cycle gas turbine, state also its merrits and demerits. 
9.8 Describe with aneat diagram, closed cycle gas turbine. State its applications. 
9.9 List out the advantages of closed cycle gas turbine over open cycle gas turbine plant. 
9.10 Define air rate; work ratio and thermal efficiency of gas turbine power plant. 
9.11 Derive the expression for net work done by gas turbine power plant. Also state the 
condition of maximum work done, °) ’ 
9.12 How does actual cycle of gas turbine differ from the theoretical? ‘ 
_ 9.13 ‘Make alist of means for improving the efficiency and specific output of simple gas 
‘~~ turbine plant.’ "~ tila ; ; 
‘9.14 Explain in brief; with rough graphs, the effect of regenerative, simple and complete gas 
turbine cycle on specific fuel consumption forall values of compression ratio. 
'9.15 ‘Discuss the effect of operating variables on air rate and work ratio, used in gas turbine. 
9.16 Discuss the effect of operating variables on air rate and work ratio, | 
9.17 Explain water injection for improving power output of gas turbine plant. 
What are the main requirements of a gas turbine combustion chamber 2 
9.19 What are the main types of gas turbine combustion chamber ? 
9.20 Whatis primary and secondary airin gas tubine combustion chamber ? What are their 
function? 4,4 CG i See vet) 
9.21 Explain with the sketch the Can type combustor with’swirl flow flame stabilizer. 
9.22 Explain with the sketch the Can type combustor with bluff-body flame stabilizer. 


9.23 Define combinedcycle power plant. 
Discuss the advantages of combined cycle power generation. Why is it soimportantin 
the present day energy scenario? mos 

9.25 State the different arrangement of combined cycle power plants and explain any one 


with neat sketch. hy? ; ” 
Explain with a neat schematic diagram the working of combined cycle. Also state its 


9.26 


importance and merits. 
State and briefly explain different arrangement of topping cycle co-generation plants, 


9.27 9 toppi ? 

9,28 Derive an expression of combined cycle plantefficiency interms of topping and bottoming 
fficiencies..,- ; sgoiltrel Uae tad) 2008 | ie 

9.29 een the arrangement of a combined cycle consisting of simple gas turbine plant 


——— 
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mbined cycle power plant. 
the thermal efficiency of the plant, 


ir 


and 18°C. The pressure ratio is 4 and 


o ‘ 0 i oling. The maximum 
compression t stages with perfect intercooln te 
p akes place in two stag generator before it enters the 


temperature of cycle is 650°C. The air is heated in re, } i Spe 

combustion chamber. The effectiveness of regenerator is 0,7, SDS SAP OR sbieteacie 
of both compressors and turbine is 0.86, Calculate thermal effieiency 9 Bas puroine 
plant. Take y = 1.4 and c, = 1.05 Ki/kg K for both air and gases, 


An open cycle gas turb 


TL on’ aC t Jt 
., [Ans.3 44.9%] 


bar pressure. The pressure loss in the combustion cham| 
effieicney is 92%. The maximum cycle temperatut 
of compressor and turbine are 0.85 and 0.86 respe i sa 
40,000 kJ/kg K. Calculate (i) power generated by, plant when:mass,flow of air is 
20 ke/s, (ii) specific fuel consumption, Take y= 1.4. and C, = 1 K/kg Kyscigs 


9.1 


* ofA 3.1425 KW, 0.214 kg/s] 


9.4” A gas turbine plant relates following data: 

Compressor inlet irconiton=1 bar, 20%; and 65fereativeh 
_ Pressureratio=6 ,, 0 Manes : 
''Tsentropic efficiency of compressor = 0, 


98 


eek a ity Wag nidmosontiod &f 

____ Temperature of water which is injected into air after the compression = ? 

© "The condition of air after water injection =95°C and saturated, s, 
Mass flow rate of air at compressor inlet=20kg/s 


“Calculate mass flow rate of water injection. 


. She IDS OS 
Take, Cy = 1.005 kike.K and y=,1,4.forainand:Cyi=4.18 kI/kg Kiforwater..° 
a DUG worn? alga 
9,5'*'‘A combinedcycle power plant consists of Bas turbine inita ste: 3 ke/seel 
\\ “jnlet condition of air is'1 bar and 20°C! The pressure ratio is 19 
temperature is 1300°C. Fuel used is natural gas (CV = 42000 
“heat recovery steam generator at 150°C. The steam pressuyé 4 


am turbine unit, The 
and gas turbine inlet 
ki/kg). The gas leaves 
ind temperature are 40 
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bar and 500°C: The 
- The co; 
compressor, gas tuitine en er pressure is 0.05 bar. The isentropic efficiencies of 
* (mass of fuel supplieg ee Ft ar enels 100% each. Neglect pump work. Calculate 
and (iit) combined cyc|g efficiency. Supplied, (ji) gas and steam turbine cycle efficiency 
Take, Cig = 1.0 : 
> pa 005 
kiikg Kyy=1.4 for air, C,. = 1.12 kJ/kg K, y = 1.3 for gas. 


96 Inacombined cycle a ?() 0.27 kg/kg of air, (ii) 34.26%, 38.8%, (iii) 56.1 %] 
The maximum temperat er plant, compressor takes air at 1 bar pressure and 20°C. 
Wie exlieart ipa ure of gas turbine is limited to 900°C. The pressure ratio is 8. 
into HRSG. The eas from gas turbine is heated further to 900°C before entering 
HRSG is at 180°C. 8enerated at 40 bar and 500°C. The exhaust gas leaving the 


Assume i: . 
. Sentropic compression i rae 
both turbines. Neglect pump work P pression in compressor and expansion in 


Take, Cog = Cog = 1KIKg K, y= 1.4, CV of fuel = 40,000 ki/kg 
en @ Power generated by combined cycle power plant if mass of air supplied 
0 compressor is 500 ke/s. (ji) Thermal efficiency of combined cycle 
ave i c oti} thal | ates [Ans : (i) 292 MW, (ii) 49.4%] 
9.7 In acombined cycle power plant; compressor takes air at 1 bar and 20°C. The pressure 
ratio is 7, Maximum temperature in gas turbine cycle is 1000°C. Ina supplementary 
firing, the gas temperature is raised to 1200°C. The steam generated in HRSG at 50 
bar and 500°C. The condenser pressure is 0.1 bar. The temperature of gas leaving the 
HRSG is 200°C. The net power generated by CCPP is 345 MW. The isentropic 
efficiencies of compressor and gas turbine are 0.8 and 0.85 respectively. The calorific 
value of oil used is 45000 kJ/kg. Calculate : (i) air supplied to.the compressor, (1i) 


:PkIikg K, y= 1.4 for air and Cp. = 1.1 k/ 


combined cycle‘efficiency. Take, 'C pa 
kg K, y = 1.33 for gas ay 


“ [Ams : (555 kg/s, (ii) 42%] 
9.8 Acombined power plant consists of a gas turbine unit,and a steam turbine unit, the 
exhaust gases from the gas turbine is supplied to the steam generator. The pressure ratio 
for the gas turbine cycle is 10 and the inlet airtemperatine to the compressor is 18°C, 
and maximum cycle temperature for gas turbine is 1000°C. The temperature of gases 
leaving the steam generator is 160°C. The exhaust gases from gas turbine is heated 
further to 800°C before entering into HRSG. The condition of steam at steam turbine 
det 500°C. The condenser pressure is 0.05 bar. The total power output 
inletin SO parame e 200 MW. Isentropic efficiencies of air compressor, gas 


of combined cycle pla are 82%, 84% and 85% respectively, Neglect pressure 


: eam turbine 
turbine and st and effect of mass flow rate of fuel... 


losses, pump work irand (ii) Gas turbine cycle efficiency, (iii) 
c i) M w rate of air and steam, y 
alculate ; (1) Mass flow rate stu 


tf 
low PL 
0 
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Steam turbine cycle efficiency. * 


alto 


Take, Coq = Cpg =1 ki/kg K, y= 1.4 for both air and gas... ! 
[Ans : (i) 501.7 kp/s, 97.3 ke/s, (ii) 28.4 % Gi): 33.4 %; (iv) a1, 2%] 


1... Agasturbine works on one of the following cycle... °“"’ 
(a) Otto cycle (b) Diesel cycle (c) Rankine cycle @) Btayent meycle 


2. Overall efficiency of gas turbine plantis........... sth e 

(a) more than diesel engine (b) more than petrol engine 

(c) less than diesel engine « (d)none of these ivigeme 
3. The maximum temperature in gas turbine may be about...........+ 

(a) 500°C (b) 1000 °C -(c)-1500,°C: “© 2000 °C 
4. _ Constant pressure cycle gas turbine ha ........... 


(a) compression at constant pressure (b) heat Seer at constant pressure 


(c) expansion at constant pressure 
5... In a gas turbine cycle, the turbine output is 300 kalkg, the compressor work i is 


200 kJ/kg and heat supplied i is 500 kJ/kg. The thermal efficiency of this tte ree 
#0 (@) 20% oh > (BY AOG ies eH 2) afea 


(a) decrease in compressor inlet temperature * | 

1(b) increase in compressor efficiency L 

(c) decrease in turbine inlet temperature")! =." oe = 

(d) increase in turbine efficiency IS. QAR UUDES af posit tod 
7... Which of the following parameterincreases airrate of gas turbine? Roabonidrs 

‘ (a) decrease in compressor inlet temperature ; 

(b) increase in compressor efficiency 

' © decrease in turbine inlettemperature 

'@) increase in turbine efficiency pete ta 
8.:'' Which of the following parameter does not increase with increase in pressure ratio upto 

optimum value? rt gens aia 

'<(a) air rate ; (b) thermal efficiency 

(c) turbine work’ © (d)« compressor work ” 

9.°" Water injection‘in the gast turbine decreases © 


™ 
oi) 
s 


(a) power output '~"'’ coking <i (b) mass flow of air Awe Oe TiS 
(c) thermal efficiency Sere work: ratio : 
10. “ Normally, water is injected into working fluid of gas turbine at WG} 
(a) before compression process ‘.. (b)after compressio 
i an mn roces 
(c) after combustion process‘ (@) after expansion iti 88 


11, Can type combustion chamber is widely used for industrial gas turbine but it is not 
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suitable for aircraft engine due to ------ 4 
(a) large frontal area and weight (b) difficult to control combustion 
(c) difficulty in flame stabilization (d) costly 
12. Theco-generation plant is produces ..... 
(a) only electric power ; (b) only heat energy 
(c) Both electric and heat energy ~ (d) none of these 
13. Which of the following advantage/s is/are utilized in combined cycle power plant ? 
(a) good part load performance (b) quick starting and stopping 
(c) low quality fuel can be used (d) none of these 
14. Following is anexpression of efficiency of acombine cycle without secondary firing. 
(@) n= +N, ‘ (b) N=, +12 — N12 
©) n=n +n, +n nN, @n=n, +, -2n,N2 


where 1,» 112.1) are efficiencies of topping, bottoming and combined cycle respectively. 
15. Combined cycle power plants are gaining increasing acceptance as alternatives to 
conventional or nuclear steam power plants due to....... 
(a) high thermalefficiency (b) large power output capacity 
(c) good part load performance (d) none of these 
16. Inacombined cycle power plant, if load is reduced from 100 to 60%, the gas turbine 
output remains constant, the power output of plant is reduced by sana pow output 
of steam turbine due to following reason/s...... 
(a) poor part load performance of gas turbine 
(b) itis very difficult to control load on gas turbine 
‘(C) poor part load performance of steam turbine 
(d) all of these 
17. Which of the following method is notimproved the efficiency of Fotinitned ies power 
plant. 
(a) reducing inlet air temperature 
(b) increasing exit gas temperature of gas turbine. 
‘(C) operating the plant less than 60% load. 
(d) increasing inlet gas turbine temperature. 


Answer e 


1) 2() 3.) 4.00) S.(@) 6) (6) 8 (a) 9.(6) 10.00) 11.) 
12. (c) 13. (b) 14, (b) 15. (a) 16. (a) 17. (c) 
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10.1 Introduction 

10.2 Nuclear fusion and fission 

10.3 Chain reaction 

10.4 Nuclear fuels 

10.5 Components of nuclear reactor 
10.6 Classification of reactors 

10.7 Pressurized water reactor 

10.8 Boiling water reactor. 

10.9 Gas cooled reactor 

10.10 CANDU reactor 

10.11 Liquid metal-cooled reactor: 
, 10.12 Fast breeder reactor sida 24 ee: 
10.13 Nuclear waste and its disposal -' : 

10.14 Site selection for nuclear power plant — 

10.15 Nuclear power plants in India 

10.16 Advantages and disadvantages of nuclear power plant 


10.1 Introduction ; 
As large amount of coal and petroleum are being used to produce energy, time may 


come when their reserves may not be able to meet the energy requirements. After each decade, 
the world demand for electricity is doubled due to booming increase in the population. Thus 
there is tendency to seek alternative sources of energy. ; ‘ v 

The unit cost per kWh of electricity generation in nuclear power plants is now, 
comparable to or even lower than the unit cost in coal fired power plants in most parts of the 
world. Thermal power plants are coal based but the coal deposits are concentrated in the ; 
central and eastern parts of the India. In case of thermal power plants located away in other 
parts of country the coal has to be transported over the long distance which increases the cost 
of power generation. In addition, the problems associated with environmental pollution, mine: 
safety, and soon are much less severe in nuclear power plants. Nuclear power utilization gan 
help to save aconsiderable amount of fossil fuels which can be used in other areas of utility. 
Therefore the nuclear power will be the best alternative. Ther 

Ithas been found that one kilogram of uranium can produce as much energy as can be, 
produced by burning 4000 tonnes of high grade coal or 1700 tonnes of oil. This shows that: 
nuclear energy can be successfully employed for producing low cost energy in abundance as 


N_PPeEi6 23 
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(ee 8 Sra ulation of future. an 
required by theexpanding andindustia OOM ‘capacity for industrial purposes was “a 
et World's first atomic Paine 27, 1954 and this date is regarded as the birth of us) 
ath Solcette i aaa! ae Thenext nuclear Calder ae ‘sibel a eee ae 
was commissi edi Coote 1956 to feed the electricity fo the wd InIndia dig the Nucter! 
nuclear power stations are now operational throughout le aie all around the coun 
Poweres fonhae be ng ahead with installation of new plants all arou try. 
‘ower Corporation has been forging has grown against the use of nuclear energy for 


Inrecent years, a strong public opinion : i i; 
power safereticn dub to the Eeblemn related to nuclear safety, radioactive waste disposal 


and nuclear weapons proliferation. 
\ 


10.2 Nuclear fusion and fission ; 

Nuclear reactions af importance in energy production are fusion, i and 
radioactivity. In fusion, two or more light nuclei fuse to form a heavier nucleus. In 
Jission a heavy nucleus is split into two or more lighter nuclei. In both, there is a decrease 
in mass resulting in exothermic energy. This decrease in mass is called mass defect. Most of 
the naturally occurring isotopes are stable. Those that are not stable called radioactive, 
Radioactivity means that a radioactive isotope continuously undergoes spontaneous 
disintegration, usually with the emission of one or more smaller particles from the parent nucleus 
changing it into another, or daughter, nucleus. Radioactivity is always accompanied by a decrease 

in mass and is thus always exothermic. : 

* Fusion : [Dec. °11] 
_ Energy is producedin the sun and stars by continuous fusion reactions: In this fusion 

Process four nuclei of hydrogen fuse in a'series of reactions and culminates in one nucleus of 

helium and two positron as given below: 


ee 1 4 () 
AyHirs gHoter2i fem jad 
This results in a decrease in mass of about 0.0276 amu (atomic mass unit, l.amu = 1.6604 


«10724 grams) and thus release of 25.7 MeV (Million of electron volt—‘An electron volt is 


the amount of energy required to move an electron charge a distance corresponding to a 

change in voltage from 0 to 1 volt; 13 = 6.2316 x 108 eV). The heat produced in these’ 
reactions maintains temperature of the order of several million degrees in their cores and 
serves to trigger and sustain succeeding Teactions, 


On the earth, it is difficult to have fusion reactions for meanin gful use due to various 
reasons. In order to cause fusion, it is necessary to accelerate the Positively charged nuclei to 
high kinetic energies, to overcome electrical tepulsive forces, by raising their temperature to 
hundreds of millions degree resulting in a plasma formation, Achiev; 
is a difficult preposition. Further, plasma must be Prevented fro 
container and must be confined for a small period (about ase 


Fusion reactions are'also called thermonuclear reactions 
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NuclearPowerPlant) 7 
required to trigger and sustain them. Many problems have to be solved before artificially made 
fusion reactor becomes a reality. 
e Fission: f . [May 713, Dec. 710, Dec. 11] 
Fission can be caused by bombarding with high energy o-particles, protons, deuterons, 
X-rays as well as neutrons. However, neutrons are most suitable for fission, they are electrically 
neutral and thus require no high kinetic energy to overcome electrical repulsion from positively 
charged nuclei. 

i The nucleus of heavy elements like U-233, U-235, and Pu-239 has the ability to 
capture and absorb neutrons, whereupon it gets converted to acompound nucleus. Sometimes 
this compound nucleus is highly unstable undergoing spontarieous fragmentation into several 
approximately equal lighter nuclei plus two or three neutrons. This process is called nuclear 

fission and is accompanied by enormous amount of heat. Whereas isotopes U-238, Th-232 
and Pu-240 are fissionable by neutrons of high energy (14 MeV) only. 


.. Asshownin Fig. 10.1, the immediate products of a fission reaction, such as Kel40, 


and Sr°4 are called. fission fragments, which along with other decay products (a, B, y, etc.) 
are called, ENT 


235 7\ ol 140 94 1 
92U for" sXe tagSt + 2 on. (10.1) 
SLY ; Xenon 
nucleus 
CAN Neutron lost by escape 


A () ¥ 
i Sy) or consumed in 
no ©. non-fission reaction 
mS i 


Neutron available for 


Ce ) )) tad next fission reaction 
Neutron NES 
Uranium St 
(FR 
vy. Nucleus i ‘@) 
Strontium 
enh nucleus 


Fig. 10.1 Fission reaction 


When a neutron collides with and is absorbed by a fissionable nucleus, the latter is 
transformed into a compound nucleus in an excited state, e.g. 
= 235 - 1 236 _ 
| 92U + 98 — [o.U > Fission 
which then undergoes fission. If the excitation energy is not sufficiently large, the nucleus may 
not undergo fission and may emit only y-radiation or eject a particle, Such absorption of a 


i 
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ionsby | 2 4 
F eanlat eutron absorptions by | 
ss urs‘about 16% of the time in alt | 3 ; 
: oF ICC ¥ : | 
i ea aa ae : radioactive.The | 7: 
A in size and are ; 
— i 10.1) are not equal in sizea foorevation al 
tl ts in Eq. (10. .- fission frag 5 
_ The two fission a le ratio of i eT: nm 
original nuclei of U-235 ir stable nuclei are, however, 1.2to wien protons) until a stable ls 
similar n-p ratios, which ; Lars of Bdecay (converting neutron ls. 
therefore, undergo several : 
: f if 
roduct is formed in each case. : eer 8 ce! guia 
° 140__B Gsl40_- B Bal40 ota? 78 apps 58 - 
Xe 55-8 66Sec + 56 , r vehi 
54 16Sec , ; 
a tis 10.: 
: awasil 
»),Zr°4 (stable) _ ’ (10.2) 
94__B 94 BL Zr°4 (stable: ; 
and 389° yin? 39” 47min 4077S uh 


ince’ is’ 1ccompanied by y- chai 
This series is called a fission chain. nee icine mane ree dl fis 
iati i ielding against y-rays as well as neu! ein al 
Pei eeeie ie eet data for U-235 A es oa ae eet fer ‘tid 
Ss Pu-239 by thermal neutrons. The’ most | sion at ened 
lant at ie con 85 to 105 and 130 to 150, meaning that the products are not eq 


sec 
iricgte’ !, “CBogt ah — Pu-239 
a Thermal neutrons wh 
14 MeV neutrons® ani 
10.0 
10.0 ; 
4 it 2 = 1.0 ey 
& a ol " 
a 0. it 5 thi 
2 = | 
re L 5 0.01 " 
«2 A e: 
a 2 0.001 
£0001 ix th 
0.0001 + 0.0001 ca 
70 80 90 100 110.120 130 140 150 160 70 80 90 100 110 120 130 140 150 160 re 
Mass number Mass number 
(a) U-235 by.thermal and fast neutrons (b) U-235 and Pu-239 by thermal neutrons 
Fig. 10.2 Fission Product data: \\+: } 
* Comparison of Fission and Fusion processes cm | 
Fission . Fusion U 
LetAiheavpaudeitaghwineinee ce ; a 
1. Aheavy nucleus splits into two 1. Twoormoreli ght nuclei fuse to form iy 
or more lighter nuclei, aheaviernucleus, ‘ ‘ 
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ns by 3. About one thousandth of the mass is 2. _ Itis possible to have four thousandths 

} converted into energy. of mass converted into energy. ; 
. The 3. Because of higher radioactive material, 3. Because of lesser radioactive material 
2also health hazards is high in case of accidents. health hazards is much less. ‘ 
ents” 4... The process is possible at room 4.  Theprocessis possible only at very high 
table temperatures. temperatures. 

Itisextremely difficult to construct 


5. Itispossible to construct self-sustained 5: 
fission reactors and have positive energy 


able). release. 
6. The links of the process are neutrons 


controlled fusion reactor. 


6. The links of the ptocess are protons. 


10.3 Chain reaction 


0.2) : RS: a 
Z The essential condition for the practical utilization of nuclear energy 1s thata self-sustaining 
ry y- chain reaction should be maintained. Once the fission process is initiated in a few nuclei of 
ctor, fissile material, it shouldbe able to continue throughout the remaining material without external 
and influence. 
oe The neutrons released have a very high velocity of the order of 1,5 x10’ metres per 
Zl second. The energy liberated in the chain reaction is according to Einstein law 
E=Amc? , 

where E= Energy produced in J, Am =mass defect in kg. 

andc= velocity of light= 3x108 m/s. yay ee so 
239 As seen earlier two to three neutrons capable for causing further fission are released in 


each act of fission and therefore, self-sustaining chain-reaction is possible. However, account 
J233 | mustbé taken of the neutrons'which can take part in other non-fission reactions. In addition to 
this, there is inevitable loss of neutrons by leakage through the system. Therefore, the number 
of neutrons produced must be sufficient to maintain the chain-reaction and to supply the losses 
(escape, absorption, and non-fission reactions). Therefore{ the essential condition to maintain 
the chain reaction is that the fission nucleus must produce at least one secondary neutron to 


cause fission of othernucleus. uth S f 
The above mentioned<Ondition can be expressed in terms of multiplication factor or 


reproduction factor defined as 
a Number of neutrons of any one. generation 
Number of neutrons of immediately preceding generation 

s,\) Since one neutron is required to maintain the chain reaction, the increase in number of 
_ Neutrons in one generation will be (k—1). If there are n neutrons initially (at the start of reaction); 

the increase in number of neutrons in the preceding generation will be n(k-1), If t; is the 

ayerage time between successive neutron generation, the rate of increase in neutron generation 

isgiven by : 


\ 


Sl 
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dn_n(k-)) 

dt t 

oe an = el 
n hy 


*log,n [7S] C,where log, C ig aconstant of integration. . 
+ log, : - 
1 


n=Mjatzt=0 -.C=n9 


I. gAiuoatob deems wd Laibpovboryygrontl (403) 


us from the: “—— equation if k> 1, the number of neutrons increases exponentially 
with time. ; . sede ; a 

Suppose in a particularcase k= 1.005 and 7, = 0.001 sec. (average life time for neutron), 
the number of neutrons after one second will increase by 


j i 
0.005x1 
nh es 0.001 ) =e =150 times 
No 


boas 


If& <1, the chain reaction cannot be maintained as neutron production decreases in an 


exponential manner. 


‘The neutrons are lost during the fission leakage, non-fission capture by U238 and U235 
(known as resonance capture) and non-fission 


capture by moderator, coolant, structural 
material, and fission products, ; Mai 4 
If say Np = 100 andk =2, then the fission causes to release 200 fission neutrons ‘in the 


next succeeding fission. If 100 neutrons out of 200 are lost by the ways mentioned above and 
100 are available for next fission then the chai 


N reaction is possible, If the loss is more than 
100, the reaction dies out, 
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When k < 1, the system is known as subcritical (stopping! the eee an 
the system is known as super-critical (atom-bomb) and when k= 1, the system is known as 
critical and this is the desirable requirement for power reactors. 

The smaller the surface-volume ratio of the reactor core; i.e. the large its size, the lower is 
the percentage of leakage of neutrons. The core size is increased to the point where achain 
reaction is possible. This size is called the critical size. The mass of fuel in such a core is 
called the critical mass. Therefore, the size of a uranium reactor is determined by nuclear 
considerations of criticality and not by the power output. ; i 


10.4 Nuclear fuels ; \ 


The nuclear fuels which are generally used in reactor are ce Ue Pu??? and 95 w?3. 


235 234 


Natural uranium ore consists of three isotopes of uranium as wee y a en U 2and y, U ve 


In natural uranium the availability of 1j238 is largest upto the extent of 99.28%, ri is only 


0.715% which is most unstable and fissionable and the remainder 0.006% is U234 In 4 aus 


number 92 represent 92 protons, number 238 represent its mass nurnber and the serene 
(238 —92) = 146 represent the number of neutrons in it. 


U233 are formed in the nuclear reactors during 
\ 


The other two fuels Poo 9 and 92 


fission pay from gg Ue Sand 4 als iano due to the absorption of neutron 


without fission. \ 


 Fissionable materials ‘are those which are capable of vt a fission is 
reaction. U-235 is the only fissionable isotope found in nature. 

Fertile materials are non-fissionable materials that can be biter d into fissionable 
materials. U-238 and Th-232 can be converted to fissionable materials. hey are the fertile 


materials. | 
The chain reaction cannot be maintained in some reactors with natura uranium having 


_only 0.7% fissionable 1j235 . Therefore, itis necessary to increase the percentage of 1235 in 
the fuel if used in reactor for maintaining the chain reaction. The process uséd to increase the @ 
percentage of {235 is known as enrichment. The éntichment required may lie from 1.5%, 
to 90% according to its use ina particular reactor. The enrichment of fuel also reduces size of \ 


thereactor. 
The practical viethurds for enrichment are based on the slight difference in the atomic | 


masses of [238 and U23>.. The cost of uranium enrichment is high. | 
The different methods which are used forthe ss soa are listed a ' 
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_() Gaseous diffusior method , 


“ (2) Thermal diffusion method 
(3) Centrifugal method 


4) Electro-magnetic method. . reyatvuesdtrot hace a 
i - estimated a almost all the resources of uranium are situated in US.A. (33%), South; 


Africa (20%), Australia 20%) and Canada (20%). The largest reserve of most economical 


boli 


and low cost uranium liesin Australia. fr lan noun hay iy 

“In nuclear reactions, the reactant nuclei do not show, up in the products, instead we may 

find either isotopes of thereactants or other nuclei. However, the number of nucleons in the 
| : : . at 

reactants and products remain the same in a chemical reaction. For example, consider the 


reactants M and N and the products O and P ina nuclear reaction as follows. 


A A va 
o"3 p“4 
3M | B.., ‘ *4 ' ' ioe f read 
To balance this reaction, the following relationship must be satisfied 


fl ee a dale a 


| 
14, we ?, 
| 


10.5. Components of nuclear: reactor ....; \ gfe aT jars oicinade [May’?13] 


__, The nuclear reactor may be regarded as a substitute for the boiler firebox of coal 
fired steam power plant or combustion chamber of gas turbine plant. The heat produced 


- Control rods "pos 7 o ofl 


Biological shield?°""! 
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in the nuclear reactor is by fission process whereas in steam and gas power plants, the ae i 
produced by combustion of fuel. The other cycle of operation and components requiredis the 
same either as steam plant if steam is generated by using the heat released due to fission or a 


gas turbine plant, if gas is heated by using the heat released due to fission. The steam or gS 
may be the working fluid in nuclear power plant. 


The general arrangement of nuclear reactor with principle components is shown in Fig. 
10.3. ; t 


(1) Fuel 
Nuclear reactors use fissionable materials like 92 235 5 ggPu2?? and 95 U733 Natural 


uranium found in earth’s crest has 0.714% of 92 u235. 92 U235 is unstable and capable of 
sustainable chain reactions. 


The fuel is shaped in various shapes like rods, plates, pallets, tins, etc. and locatedin the 
reactor in such a manner that the heat production within the reactor is uniform. The fuel elements 
are designed taking into account the heat transfer, corrosion and structural strength. 

Inhomogeneous reactors, the fuel and moderator are mixed to forma uniform mixture 
i.e, uranium and carbon and then itis used in the form of rods or plates in the reactor core. In 
heterogeneous reactors, the fuel is used in the form of rods or plates and moderator surrounds 
the fue! elements. This arrangement is commonly used in the most of the reactors. 

The fuel rods are clad with stainless steel, zirconium or by aluminium to prevent oxidation 
ofuranium. * 


(2) Moderator [June 11, Dect] 
It is a material used to slow down the neutrons from high kinetic energy (1 MeV or 


13200 km/s) to slow neutron (0.25 eV or 2200 m/s) ina fraction of a second. The function 
of the moderator is to increase the probability of reaction. The fission chain reaction in the 
nuclear reactor is maintained due to slow neutrons when the ordinary uraniumis used as fuel. 
The moderators are lighter than fuel. Various materials used for moderators are ordinary 


water (HO), deutorium or heavy water (D,O), graphite and beryllium. The graphite, 
heavy water or beryllium can be used as moderator with natural uranium, The ordinary water 


: (H,0 ) is used as moderator only with the enriched uranium, Asa moderator. D,O is the 


best material having moderating ratio of 12000 as compared to 72 for H,O and 170 for 
carbon. ; ie! 
The following are the desirable properties of a good moderator : 


(1)It must be as light as possible, the slowing.down action is more effective in elastic 
» Collision with light element. "ent 


(2)It must not absorb neutrons during slowing down them. 


(3)It must be able to work under high pressure and high temperature with good corrosion 
resistance, 
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(4)It must have high chemical stability as 


nuclear radiation. 4 
(3) ett troiie i [June ’11, Dec. ’11] 


The control system controls the rate of energy generated. It starts, increases, decreases 
and stops the reaction. These rods may be shaped like the fuel rods themselves and are 
interspread throughout the reactor core. Instead of containing fuel, they contain neutron 
absorber such as boron, cadmium or indium. They have high neutron-absorption cross-sections. 

The control is necessary to prevent thé melting of fuel rods, disintegration of coolant and 
destruction of reactor as the amount of energy released is enormous. F 

The control rods can be moved in and out of the reactor core assembly either automatically 
or manually. The magnitude of insertion of control rod represent the proportionate absorption 
of neutrons. : 

(4) Coolant ; 

The main purpose of the coolant in the reactor is to transfer the heat produced in the 
reactor and to keep the fuel assembly at a safe temperature to avoid their melting and destruction. . 
The same heat carried by the coolant is used in the heat exchanger for further utilization in the 

power generation either generating steam or using hot gas. ? 

The coolant used should have high specific heat to reduce its mass flow rate. It should not 
absorb neutrons and it must be non-corrosive, non-toxic, non-oxidising with high chemical 
stability. P Hc 1 | 5 

The water, heavy water, gas (He, CO, ), sodium in liquid form and organic liquids are 


used as coolant. : babs, 
(5) Reflector ‘ ve 

Itis important to conserve the neutrons as much as possible for reducing consumption of - 
fissile rhaterial and to keep the size of the reactor small. This is possible by surrounding the - 
reactor core with a material which reflects escaping neutrons back into the core. This material 

-i8 called reflector. The required properties of a good reflector,are low absorption and high 
reflection for neutrons, high resistance to oxidation and irradiation as well as high radiation 
stability. a on : 

The materials used for moderators are also used for reflectors e.g. H,O, D,0 and 
carbon. It is necessary to provide some method of cooling the reflector as it gets heated due to 
collision of neutrons with its atoms. 

(6) Shielding 
Shielding the radioactive zones in the reactor from possible radiation hazard is essential to 
protect the human life from the harmful effects. The common radiations from the reactor are 
a-rays, B-rays, y-rays and fast neutrons. To prevent the effects of these radiations on the 
human life, it is necessary to absorb them before emitting to the atmosphere, 
Shielding consists of inner lining of 50 to 60 cm thick steel plate on the reactor core called ° 
thermal shield with afew meters of thick concrete wall surrounding the inner shield called 
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biological shield. The lining of steel plate absorb : 
preyents the adjacent wall of reactor vessel from becoming heated. The thermal shield is 


cooled by the circulation of water. 

(7) Reactor vessel Het : 7 
The reactor vessel encloses the reactor core, reflector and shield. It also provides coolant 

inlet and outlet passages. The reactor vessel has to withstand the pressure at 200.bar or 

above. The reactor core (fuel and moderator assembly) is generally placed at the bottom of 

the vessel. sit bSt ae : 

10.6 Classification of reactors 
The nuclear reactors can be classified on the following basis. ‘brea 

(1) On the basis of Neutron energy : sek te 

(a) Fast reactors : In these reactors, the fission is affected by fast neutrons without any use of 


moderators. : : 
(b) Thermal reactors : In these reactors the fast moving neutrons:are slowed down by 
passing them through the moderator. These slow moving neutrons are then captured by the 
fuel material to bring about the fission. The moderator is most essential component in these 


reactors. 
(c) Intermediate reactors : In these reactors, the velocity of neutrons is kept between fast 


reactors and thermal reactors. : 
(2) On the basis of fuel used : es 

(a) Natural uranium fuel reactors : In this reactor, the natural uranium is used as fuel. 

(b) Enriched uranium fuel reactors : In this reactor, the uranium used contains 5 to 10% of 


yw : 


(3) On the basis of coolant used : : Lcantty, 
(a) Water cooled reactors ’ ‘ a ti 
(b) Heavy water cooled reactors Si ote | 
(c) Gas cooled reactors : : i 

-_ (d) Liquid metal (sodium or bismuth) cooled reactors 

(e) Organic liquid cooled reactors “ 

(4) On the basis of moderator used: | 
(a) Water moderated. : qual 
(b) Heavy water moderated 
(c) Graphite moderated 
(d) Beryllium moderated 

(5) On the basis of reactor core used : ban ew? Renee atte ed 
(a) Homogeneous reactors.) onal ieoeht ait iacits 
(b) Heterogeneous reactors 
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10.7 Pressurized water reactor .. [Dec..’10; June 711] 
‘A Pressurized Water Reactor (PWR) isa thermaLreactar where sli ghtly or highly enriched, 
heterogeneous, clad uraniumis used as fuel and ordinary water underjhigh ress iis used as 


This condenses the steam and réduces the primary circuit pressure. ; myit 
The water in the primary circuit gets heated by absorbing the fission energy in the reactor 
core and same energy is given in the heat exchanger to generate the steam in secondary circuit. 
In order to prevent the boiling of water in the core, it is kept under pressure of about 130 
to150 bar. It helps in absorbing the heat by waterin the liquid state in the reactor. The steam — 
produced in secondary circuit is used in a conventional way in the steam power plant cycle as 
shown in Fig. 10.4. The water coolant from heat exchanger is recirculated to the reactor with 
the help of coolant pump. (9231 


z $ O13 ti ith s etQUgHSt SNe, 
Water Pressuriser ity 


Ji tut OT} 4ciuloeg1 
Primary circuit ‘Secondary ‘circuit +’ \~) 


eSteammy curlviuc (a) 
turbine 


Reactor Reactor ° 


\ 


Coolant 


Feed water 


Coolant pump Condensate... 


Feed water’ OAL {0) 
pump 
Fig. 10.4 Pressurized water reactor power plant 


In this reactors, the water flowing through the reactor becomes radioactive: therefore this 
primary circuit must be heavily shielded to protect the Operators, - agpeelil a 
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e Advantages: . 
__ (1) Ituses ordinary, water as acoolant, moderator and reflector since water is available 
abundantly and cheaply, there is great saving in cost. 
(2) Thereactoris very compact and has high power density. 
(3) Assteam isnotcontaminated by radiation, inspection and maintenance of the turbine, 
condenser and feed pump is possible. : 
(4) Small number of control rods are required. 
__ 5) Greaterenergy is extracted per unit weight of fuel loaded. 
¢ Disadvantages: , ) i 
(1)_ It’s capital cost is high due to heavy and strong pressure vessel is required in the 
primary circuit. ; 
(2) The thermodynamic efficiency of this plantis as low as 20% due to low pressure in 
the secondary circuit. . ‘ 
_ 3) Itrequires enriched uranium fuel, cost of enriched uraniumis high. 
(4) Itisnecessary to shut down the reactor for fuel charging. i 
(5) Thecorrosion problems are more severe as the corrosion is accelerated in the presence 
of high pressure, high temperature water. Mel 


10.8 Boiling water reactor [June 711, Dec. °11] 


In Boiling Water Reactor (BWR), enriched uranium is used as fuel and water is used as 
éodlant, moderator and reflector like PWR except the steam is generated in the reactor itself 
instead of separate steam generator. ‘ \ go ont 


2 
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Fig. 10.5 Boiling water reactor 


The arrangement of the boiling water reactor power plant is shown in Fig. 10.5. The feed 
water circulated in the reactor is converted into saturated steam by transfer of heat released by 
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fission in the reactor core. This steam is supplied to steam turbine working on conventional 
power plant cycle. The mechanical power produced by the turbine is converted into electric 
energy by the generator. iS f 
¢ Advantages : ' ' : ; ; 
(1) The pressure inside the reactor vessel is less than PWR as water is allowed to boil 
inside the reactor. Therefore, the reactor vessel can be much lighter than PWR and 
reduces the cost of pressure vessel considerably. : - 
(2) It eliminates the use of heat exchanger, pressuriser, circulating pump and piping. 
Therefore, the cost is further reduced. x: 
(3) The thermal efficiency of this reactor plant (30%) is considerably higher than PWR 
plant. 
(4) The metal temperature remains low for given output conditions. 
© Disadvantages : j . ; 
(1) The steam leaving the reactoris slightly radioactive: Therefore, light shielding of turbine 
and piping is necessary. Pts 101 We i ios aloe 
(2) Itcannot meet the sudden changes in load on the plant.’ | sia wl 
(3) The power density of this reactor is nearly 50% of PWR, therefore, the size of the 
vessel will be considerably large compared with PWR... 
(4) Itrequires enriched uranium as a fuel. : 


10.9 Gas cooled reactor peer aade (Jan. 713] 


The gas cooled reactors with CO, gasas coolant and graphite as moderator were 


first developed in England. It is called Gas Cooled Graphite Moderated (GCGM) reactor. 
The fuel was a natural uranium, clad with an alloy of magnesium, called Magnox. The coolant 
pressure is about 7 bar and temperature 336°C. ee : 

U.S.A. has developed another gas cooled reactor which uses helium as coolant and 
graphite as moderator. It is known as Hi gh Temperature Gas Cooled (HTGC) reactor. The 


fuel used is U3 as fissile material and thorium as fertile material. Because of the very high . 


melting point of graphite, these fuel element can o 


800°C) and itis possible to generate steam at con 
fired power plant, 


perate at very high temperature (700°C to 
ditions equivalent to those in modern coal- 


The arrangement of gas cooled reactor power plant uiingsteam turbine is shown in 

Fig. 10.6. In the primary circuit, coolant circulated is CO, 
HTGC reactor. The coolant transfers the heat energy to feed 
steam generated is used to generate power in steam turbine, 


for GCGM reactor or He for 
water in the heat exchanger. The 
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Fig. 10.6 Gas cooled reactor power plant 


Fig. 10.7 shows the arrangement of HTGC reactor direct cycle Gas turbine plant. 
This type of plant uses gas turbine for power production and coolant as helium gas. It consists 
aregenerator, precooler and compressor..The fuel used may be U-233, or Th-232. 


es Gas turbine 


Compressor 


Fig. 10.7. Direct cycle HTGC reactor gas turbine power. plant 


GQ Advantages 
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} 
Nu 
(1) The gases do not react chemically with the strictural material like water. Hence there | =s 
is nocorrosion problem. : Fig 
(2) Graphite remains stable at high temperatures and radiation problems are minimum. are 
(3) The uranium carbide and graphite are able to resist high temperatures, andtherefore, | dia 
the problem of limiting the fuel element temperature is nota serious asin otherreactors. | 12 
(4) Gases are safe and easy to handle. abc 
Tea 


(5) The gas coolant provides best neutron economy. 


* Disadvantages { of 
(1) Gases have poor heat transfer properties thus it requires large heat exchangers. | Th 
} 


(2) The pumping power required is as large as 20% of generated power against 5% with ste: 
water-cooled reactor. * | va 
(3) Leakage is a major problem if helium is used as in case of HTGC. 
(4) Fuel loading is more elaborate and costly. ‘ mee | anc 
10.10 CANDU reactor [May °13, Jan. °13, Dee. ’10, June’14). |‘ 
Canada has developed CANDU (CANadian Deuterium Uranium) type reactor. It 
uses Pressurized Heavy Water (PHW) (deuterium oxide, D,O ) as moderator and coolant 
‘while the fuel used is natural uranium. These reactors are more economical to those nations 
t which do not produce enriched uranium as the enrichment of uranium is very costly. 
y Steam 
ig Steam turbines ~ 
): 
. a I 
Generator 
Heavy water i 
circuit } j 
Condenser 10 
| Pressurized Coalthe 
| fuel tubes i sor 
un 
Circulating Condensate bo 
pump ot 
by 
by 
Feed water ) ; 
Feed water Te 
a: pump lic 
Fig. 10.8 CANDU reactor power plant rl 
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: The arrangement of the different components of CANDU type reactor is shownin 
Fig. 10.8. In this reactor, the fuel is normal uranium oxide as small cylinder pellets. The pellets 


are packed in a corrosion resi irconi tube, nearl 
ae, y 0.5 cm long and 1.3 cm 
diameter, to form a fuel rod. The relatively short rods are combined i Tiunies of ds, and 


12 nd to end. ch pressure tube. The total mass of fuel in the core is 


about 97,000 kg. The CANDU reactor is unusual in that refueling is conducted while the 
reactor is operating. 


The coolant heavy water is passed through the fuel pressure tubes and heatexchanger. 
The heavy water is circulated in the primary.circuit inthe same way.as with a PWR andthe 
steamis raised in the secondary circuit transferring the heat in the heat exchanger to the ordinary 
water. ed 

The control of the reactor is achieved by varying the moderator level in the reactor 


and, therefore control rods are not required. Cadmium rods are used to start and shut down 
the reactor. > ; 


¢ Advantages : 
(1) Fuel enrichment is not required. : e 
(2) The reactor vessel may be built to withstand low pressure compared with PWR and 


BWR. Only the fuel tubes are designed to withstand high pressure, therefore, the cost 
of the vessel is less. 


(3) Heavy water is used as moderator, which has higher multiplication factor and low fuel 
- consumption. ‘a : : 


(4) Less time is needed to construct the reactor. 

¢, Disadvantages : iti i 

(1) The cost of heavy water is-very high. ynts : 

(2) Itrequires high standards of design, manufacture and maintenance. 

(3) The power density is considerably low compared with PWR and BWR, therefore the , 
reactor size is extremely large. . ) : Es 

(4) The leakage is a major problemas there are two mechanically sealed closures per fuel 
channel. ' ! 


10.11 Liquid metal-cooled reactor 


Sodium-Graphite Reactor (SGR) is one of the typical liquid metal reactors. In this reactor 
sodium works as acoolant and graphite worksas moderator while the fuel usedis little enriched 
uranium. The common metals which can be used as coolant are sodium and potassium. Sodium 
boils at 880°C under atmospheric pressure and freezes at 95°C. Hence sodium is first melted 
byelectric heating system and be pressurised to about 7 bar. The liquid sodium is then circulated 
by circulation pump. 
The arrangement of the components of a metal cooled reactor is shown in Fig. 10.9. The 

+ reactor will have two coolant circuits or loops. In the primary circuit the heat is absorbed by 

- Jiquid sodium in the reactor. The sodium becomes radioactive while it passes through the core 


I_PPE16_34 
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and reacts chemically with water. Therefore, the heat absorbed by sodium is estar 4 i 
secondary coolant sodium potassium (NaK) in the primary heat exchanger which in tum ba 
the heat in the secondary heat exchanger called steam generator. The steam generated rom 


ki 
this steam generator will be superheated. i 
Sodium potassium : 
Liquid sodium (NaK) Steam Stata 

turbine n 
-—&) fi 

Generator 
n 

Condenser 
i ci 
Cooling (o) 
water fi 
li 

Feed water : i 
Condensate oO 
Sodium potassium = ‘ 
Pome pump *: = - =o" Feed water 

: pump ; 
Fig. 10.9 Liquid metal.reactor F I 


The reactor vessel, primary circuit and primary heat exchanger have to be shielded from 
radiations. The liquid metal is to be handled under the cover of an inert gas such as helium, to 
prevent contact with air while charging or draining the primary or secondary circuit. ‘ ‘ 
¢ Advantages : f Lavine P3 3388 : VG 

(1) High temperatures can be achieved in the cycle and that means high thermal efficiency. 

(2) The sodium as a coolant need not be pressurised. 1 he i 

(3). The reactor size is comparatively small. \ ‘ red 

(4) The low cost graphite moderator can be used as it can retain its mechanical strength 

and purity at high temperatures. 

(5) Superheating of steam is possible. 

* ' Disadvantages : E WHEN S 

(1) Sodium reacts violently with water and actively with air, | 

(2) Intermedi ate heat exchanger is necessary to separaté radioactive sodium from water. 

(3) Itisnecessary to shield the primary and secondary coolin g systems with concrete 

blocks as sodium becomes highly radioactive, : 
(4) The leak of sodium is very dangerous compared with oth 
reactor in highly radioactive state. 


j 


er coolants as it comes outo! 
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The process of converting more feriile material into fi ssile material in a reactor-is 
known as breeding. \ts importance lies in hopeequence that all available fertile material can: 
beconverted into fissile material... f wee 


» In fast breeder reactor, the core containing [235 is surrounded by a'blanket of fertile 
material Y??8 . In this reactor no moderatoris used. The fast moving neutrons liberated due to 
fission of 1255. are absorbed by {j238 which gets converted into Bu? (plutonium), afissile 
material. This man made fuel Py23? canbe used for further. fission. Similarly, thorium (7h232) 
can be converted into Y233 which is also a secondary fissile material. Therefore, these type. 
of reactors are important since they not only produce heat but also produce: more secondary 
fissile fuels than fuel consumed in the reactor. Since India has massive reserves of thorium and 


limited resources of uranium, development of these fast tbréedér reactors are important for 
our country. 


Soci ti . ral hs, 
» Steam 8 £00 
turbine 


Liquid sodium _.  (NaK) 3 Steam 


238s 
blanket 


sé b )’ Generator! *! 
UT ven FINDS 
core Condenser ny 
Cooling’ 
i, Water. 


Liquid sodium Sodium potassium 
‘pump pump, a ss, Feed water 
n ip aul ATL. Ppump 


“Fig. 10. 10 Liquid metal fast breeder‘ reactor’ 


i 1 >): 
© 


-The arrangement of liquid metal fast, breeder reactor is shown in Fig. 10. 10: The 
enriched uranium U235 or Pu? i is kept without’a moderator in the reactor core surrounded 
by the thick blanket of depleted U8. One additional neulien available from fission of us 


is used to convert Ce or fae into Pu? o 1 U233 as secondary { fuels. ‘This reactor 
also uses two liquid metal coolants i in which sodium i is, used as ‘primary coolant and sodium 
potassium as secondary coolant. Liquid sodium is circulated through reactorto carry the heat 
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produced. The heat absorbed by sodium is transferred to secondary cool ant sodium possi 
(NaK) in the primary heat exchanger which in tur transfers the heat in the secondary heat — 


exchanger called steam generator. The major difficulty with fast breeder reactor is to remove 


the large quantities of heat from the core as the power density is very high which is 40 ti ie 
greater than CANDU type reactor, 13 times greater than BWR and 200 times greater t! an 
gas cooled reactor. Therefore, special coolants and special arrangements‘are necessary to 
carry out large quantity of heat. . 
© Advantages : a ; : 
_ (1) It gives high power density than any other reactor, therefore, small core is sufficient. 
(2) Moderator is not required. i 
(3). Secondary fissible materials by breeding are obtained. | 
(4) Absorption of neutron is slow. 
¢ Disadvantages : | 


(1) Itrequires highly enriched (15%) uranium fuel. _, 
(2) Safety must be provided against melt down. , 
(3) Neutron flux is high at the centre of the core. : HoUog 
(4) Thick shielding isnecessary against radioactive radiations in primary and secondary 
circuits, , aiabig ee R pos 
‘ 10.13 Nuclear waste and its disposal ~ ° ~  [Dee. 713] _ 
The radio active emission during the operation of the plant is negligible but the emission } 
intensity is very high which comes out from the waste. Therefore, safe nuclear waste disposal 
is major problem before the nuclear industry. It is estimated that the radioactive products of 


i 
i 
} 
| 
i 
j 


400 MW power plant would be equivalent to100 tons of radium daily and the radioactive | 
effect of this plant products if exposed to atmosphere would kill all the living organisms within _ 


the area about 160 square kilometres. Therefore, safe disposal of nuclear waste really posses 
aproblem for nuclear scientists and engineers. “7 : ; ; 

The wastes produced in a nuclear power plant may be in the form of liquid, gas or solid 

~ and each is treated in a different manner. +; 
(1) Solid wastes veers , ten 

Solid radioactive wastes will arise from used filters, sludge from the cooling ponds, pieces 
of discarded fuel element cans, splitters etc. These along with discarded items of the plant.e.g. 
control rods. j : 

There are many ways for disposing of the solid fission products. The storing in shielded 
storage vaults consists in fixing the solid waste in borosilicate glass and then storing this glass in 
leak ti ght capsules. These capsules or vaults can then be stored in deep salt mines orin deep 
wells drilled in the stable ocean floor. The combustible solid waste is bumt in incinerators and 
the flue gases formed are filtered and disposed off through stacks, Active solid wastes att 

stored in water for about 100 or more days to allow radioactivity to decay. Then these art 


disposed off to dee i f ilamy Bente 
ae © deep salt mines or on ocean floor or in deep Wells drilled in stable gealogici! 
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(2) Liquid wastes 
Radioactive liquid effluents will arise from the laundry, personal decontamination, etc. 
together with activity accumulating from the corrosion of the irradiated fuel elements in the 
storage ponds. 
The disposal of liquid waste is done in two ways : 
(a) Dilution : The liquid wastes are diluted with large quantities of water and then relented 
into the ground. This method suffers from the drawback that there is a chance of, contamination 
of under ground water if the dilution factor is not adequate. 
(b) Concentration to small volumes and storage : When the dilution of radioactive we Hight 
wastes is not desirable due to amount or nature of isotopes, the liquid wastes are concentrated 
to small volumes and stored in underground tanks. The tanks should be of assured long term, 
strength and leakage of liquid from the tanks should not take place, otherwise leakage of 
contents from the tanks may lead to significant underground water contamination. 


Ths 


Fresh U from mine 


Low level solids (U-fuel) 
Plutonium contaminated solids 
“(U/Pu) dies 


mort vt 4 Reactors, : how and inedium active gases, 


_ liquids, & solids; * 7 
oe Fuel element gies ges d : i ¥ e 
CON : Cooling pond r 7 Ine ae water : sia - 
+e: U.and Pu ‘Decan and -— Gaseous waste 3 
Fark : dissolved fuel’|—+. Fyel'element cladding 


Highly active ve liquid waste’ 
es we of fission products) ' 


Fuel fabrication 


Medium active liquid 
ioe! some plutonium contaminated ~ . 
i Fig, 10.11, Nuclear fuel cycle 
(3) Gaseous wastes : : 
During normal operation the 
occur: 


following discharges of radio-active gaseous coolant will 
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* Leakage from the pressure circuit at blower oil seals, from charge and discharge machines. j 
Krypton and iodine gases coming out from spent nuclear fuel, etc. } 
Gaseous wastes are generally diluted with air passed through filters and then released 8 
atmosphere through large chimneys. Krypton is removed by cryogenic treatment of Se 
off gas stream and packed in gas cylinders under pressure. Iodine can be removed from © 


gases by caustic scrubbing or HNO; scrubbing. ' a 
Generally radioactive gases are collected and stored in the tank buried in the ground an: 


disposed off to the atmosphere when activity level sufficiently comes down. tor 
rent types of wastes 


‘The outline of nuclear fuel cycle is shown in Fig. 10.11 and diffe 
coming out at different stages are also labelled on the Fig. 10.11. 
10.14 Site selection for nuclear power plant I mai 


The various factors to be considered while selecting the site for nuclear power plant are as 
follows: : ' : } 
(1) Availability of water : At the power plant site an ample quantity of water should be | 


available for condenser cooling, make up water for steam generation, dilution of wastes, | ; 


etc. Therefore, the site should be nearer to a river, reservoir or sea. | 

(2) Distance from load centre : The plant should be located near the load centre. This will © 
minimise the power lossesin transmission lines: 

(3) Distance from populated area : The power plant should be located far away from 
populated area to avoid the radioactive hazard. 

(4) Accessibility to site : The power plant should have rail and road transportation facilities. 

(5) Radioactive waste disposal facility : The wastes of anuclear power plant are radioactive 
and there should be sufficient space near the plant site for the disposal of wastes. 

(© Safe guard against earthquakes : The power plantsite is classified into its respective 
seismic zone 1,2, 3, 4,or.5. The zone 5 being the most seismic and unsuitable for nuclear 
power plants. About 300 km of radius area around the proposed site is studied for its past 
history of tremors, and earth-quakes to assess the severest earth-quake that could occur 
for which the foundation building and equipment supports are designed accordingly. This 
ensures that the plant will retain integrity of structure, piping and equipments. 

The site selected should also take into account the external natural events such as 
floods, including those by up-stream dam failures and tropical cyclones. 


10.15 Nuclear power plants in India __. 
The various nuclear power plants in India are as follows 
(1) Tarapur nuclear power plant : 


It is India’s first nuclear power plant.Tt has been built at Tarapur, 100 km north of 
Mumbai, in collaboration with U.S.A. It has two boiling water reactors (BWR) each of 200 
MW capacity and uses enriched uraniumas its fuel and ordinary water as coolant and moderato 
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ae aaa. in 1961 and the second unit in 1966. It supplies power to 
Re ee erection ere 
y U.S.A. Government on repay basis within 40 years. 
(2) Rana Pratap Sagar nuclear power plant : { : 

; It is the second nuclear power plant of India and was installed in 1971. Ithas been 
built at 67 km south-west of Kota in Rajasthan in collaboration with Canada. It has two 
reactors of CANDU type each of 200 MW capacity. It uses natural uranium as fuel in the 
form of oxide and heavy water as moderator and coolant. : 

(3) Kalpakkam nuclear power plant: 
Its the third nuclear power plant in India and built at about 65 km away from Chennai, 

Tamil Nadu state. It is the first nuclear power plant which has been wholly designed and 
constructed by Indian scientists and engineers using indigenous materials. It has two units each 
of 235 MW capacity. Its first unit was installed in 1983 and the other unit in 1988. It has 
pressurized heavy water reactor and uses natural uranium as fuel. In this power plant about 
889% of local machinery and equipment have been used. 
(4) Narora nuclear power plant : Be as z 

__ Itis India’s fourth nuclear power plant built at Narora in Bullandshahar district of Uttar 
Pradesh. This plant has two units each of 235 MW capacity with a provision for extension of 
its additional capacity up to 500 MW. ‘ ai ociaat : 

This plant has CANDU-pressurized heavy water reactor. The fuel used is natural 
uranium and the heavy water is used as moderator and coolant. : ; F 

This plant supplies power to Uttar Pradesh, Delhi, Haryana, Punj ab, Chandi garh, J 
and K, and Himachal Pradesh. eins 
(5) Kakrapar nuclear power plant : 

India’s fifth nuclear power plant is located at Kakrapar near Surat in Gujarat. This 
power station has four reactors each of 235 MW capacity. The reactors of this power station 
are CANDU type natural uranium fuelled andheavy water moderated. It is similarin design as 
the reactors used at Narora. The fuel for the power plantis fabricated at the Nuclear Fuel 
complex, Hyderabad. hie " ; ie 
(6) Kaiga Atomic power plant : ; ant 

The sixth atomic power plant of India is located at Kaiga in Karnataka. Kaigais 
located away from human habitation andis a well suited site for an atomic power plant. Ithas 
two CANDU type reactors of 235 MW each: These reactors have modern systems to prevent 
accidents. , 

10.16 Advantages and disadvantages of nuclear power plant. 


The various advantages and disadvantages of a nuclear power plant over thermal 


power plants are as follows: _ 
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¢ Advantages : : Ba yal 
(1) There are no fuel transportation, handling and storage charges since nuclear Tu 
requirements is much less compared to coal. Further the nuclear power plants conserve 
the fossil fuels for other energy need. - ih tis 
(2) The nuclear power plant is more economical compared with thermal in areas whic 


are remote from coalfields. : . 
(3)' The nuclear power plant occupies less space in comparison to thermal plants, therefore, 


ivil construction cost is also less. ° ’ ar 
(4) ean cost is low for large sized power plants and the runnin g Cost is competitive | 
to the thermal plants. 
(5) Less number of persons 
is less. ; 
(6) There is increased reliability of operation. 
(7) Noashhandling problem. ‘ 
(8) These plants are non-polluting unlike coal or oil fired power plants. 
* Disadvantages : es ae : 
(1) These plants are not suitable for variable load requirements. 
(2) Radioactive wastes if not disposed carefully may have bad effect on the health of 
workers and other population.” ” : ive ok 
(3) The preservation of radioactive waste for a long time creates lot of difficulties and 
requires huge capital. ll 
(4) It requires trained personnel to operate nuclear power plant: 
(5) Maintenance cost of the plant is high. ae 
(6) The danger of radioactivity always persists in the nuclear power plants. 


10.1 What do you understand by nuclear fusion and fission ? ; ; 
10.2 What do you understand by radioactivity ? i 
10.3 Whatare fission fragment and fission product ? Explain fission reaction with an example. 
10.4 Give comparison of fission and fusion processes, Le 2 
10.5 Explain fission chain reaction. : 
10.6 What do you mean by critical size and critical mass ? ; : 
10.7 Whatis the difference between fissionablé and fertile materials 2 
10.8 What do you mean by uranium enrichment ? 
10.9 Define Reproduction factor (k). ’ 
10,10 Give the functions and materials used for following components of nuclear reactor ; 
(i) fuel, (ii) moderator, (iii) reflector, (iv) control tod, and (v) biological shield 
10.11 Give the functions and materials used for following components of nuclear tor: 
(i) coolant, (ii) thermal shield, (iii) reactor vessel ney 


are requiréd for its operation. Therefore, the cost of operation 
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10.12 State the main components of a nuclear reactor. 
10.13 What is a fast reactor ? What is a thermal reactor ? 

10.14 What are homogencous and heterogeneous reactors ? : 
10.15Explain.with neat sketch Pressurized Water Reactor vere Explain function of 
: pressurizer in PWR. 

10.16 Explain the characteristic features of a PWR. 

10.17 Write short note on Nuclear Reactor, 

10.18Explain with neat sketch Boiling Water Reactor (BWR). 

10.19Compare PWR and BWR. 

10.20 What are Gas Cooled Reactors (GCR)? ? State the types of GCR and the difference 

between them. State the advantages and disadvantages of GCR. 
10.21 Explain direct cycle High Temperature Gas cooled (HTGC) reactor gas eee power 
plant with neat sketch. 

10.22Explain with neat sketch construction and working of CANDU type reactor. 

10.23 State the fuel, moderator and coolant used in the CANDU type reactor. 

10.24 Explain with neat sketch construction and working of liquid metal- cooled reactor. 
10.25 What is breeding ? Explain the characteristic features of fast breeder reactor. 

10.26 Explain fast breeder reactor with neat sketch. ¢ , - 
10.27 Explain Nuclear waste and its disposal. ’ : - : 

10.28 State any four nuclear power plants in India including the > power plant situated in Gujarat. 
10.29 State the advantages of fast breeder reactor. ; : 
10.30Discuss any four nuclear power plants situated in India. : 
10.31 Explain site selection for nuclear power plant. 

10.32 State the advantages and di sadvantages of nuclear power plant. 


Objective Type Questions 


1. Inthe nuclear fission reactions isotope of uranium is used. 


(a) 238” : “() 234 “©, 23> (d)all of the above 
2. The nuclear energy is measured as. bots 
(a) MW (b) MeV (c)Curie @ Fermi 
3. Twoor more light nuclei fuse to forma heavier nucleus, this process is known as 
(a) fusion — (b) fission : (c)breeding (d)alloftheabove 
4. . Whichof the following are fertile materials OK t 
(a) u233 and Pu22? (b) 238 and Th232 


(c) y238 and Th22? - @) U238 and Pu?, 
5. | Whenanuclear reactor is operating at constant power; the multiplication fitoe (k)is 


(a) greater than unity (b) less than unity 
(c) equal to unity (d) none of the above. 
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- Thermal shielding is provided to 


" (a) the pressurised water is work as moderator, coolant, andreflector .- |. 
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Ni 

Critical mass of fuel is the amount required to make the multiplication factor nr 
(a) equal to unity _(b) more than unity °° ite | 
(c) less than unity (d) none of the above 

Which of the following is not fissionable material. / tpectt 1 
(a) p25) P89) 233 (a) 238 
The function of the moderator in anuclear reactor is to : : | 
(a) absorb neutrons (b) stop chain reaction | 

(c) reduce temperature (d) reduce the speed of neutrons 
Followingis the most commonly used moderator { 1 
(d) Nak . } 1 


(a) Sodium (b) Graphite (©) Deuterium 
In anuclear reactor the function of areflector is to 
(a) absorb neutrons ian Ine 
(b) reduce the speed of the néutrons ’ yt 

(c) reflect the escaping neutrons back into the core ; 

(d) stop cain reaction : ie 
(a) protect the operating personnel from expos 


sure tO radiati on . 
(b) reduce the speed of the neutrons. : ; 


(c) reduce temperature (d) all of the above. : 
Reflectors of a nuclear reactor are made up of 8 
(a) graphite (b) steel (c) boron @ beryllium 


Ina pressurised water reactor (PWR) 


(b) the pressurised water is work as moderator and coolant only 

(©) the pressurised water is work as coolant only. 

(d) the pressurised water boils in the core of the reactor. 

A CANDU reactor uses : i} 

(a) enriched uranium as fuel and ordinary water as coolant and moderator. 

(b) natural uranium as fuel and ordinary water as coolant and moderator. M 
(c) natural uranium as fuel and heavy water as coolant and moderator.’ 

(d) enriched uranium as fuel, heavy water as coolant and graphite as moderator. 
Following nuclear reactor does not require moderator GH OOK 


(a) pressuried water reactor (b)fast breederreactor | 82") 
(c) boiling water reactor (d) CANDU type reactor A 
Fast breeder reactors are best suited for India because of 

(a) large uranium deposits (b) large plutonium deposits 

(c) no enriched uranium is required (d) large thorium deposits 
India’s first nuclear power plant was started at ‘ 

(a) Kakrapar (Gujarat) ! (b) Tarapur (Mumbai) 
(c) Kalpakkam (Chennai) 1 cd) Kota (Rajasthan) ies o) 0) 
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18. Kakrapar nuclear power plant has 

(a) fast breeder reactor (b) pressurised water reactors 

(c) CANDU type reactors (d) boiling water reactors 
19. Krypton from gaseous nuclear wastes is removed by 

(a) cryogenic treatment (b) caustic scrubbing 


(c) passing through filters (d) all of the above 


\ 
Answers 


1.(). 2.(b) 3.(a) 4.00) 5.) 6(a) 7.(d) 8.(d) 9.(b) 10.(¢) 
M1.(a) 12.(d) 13.(a) 14.(c) 15.(b) 16.(d) 17.(b) 18.(c) 19.(a) 
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11.1 Introduction 

11.2 Principle of Jet Propulsion 

11.3 Classification of propulsive engines 
11.4 Ram jet 

11.5 Pulse jet engine 

11.6 Turbojet 


11.7 Thrust, Thrust power, Propulsive efficiency and Thermal efficiency 
11.8 Turbojet engine with afterburner 

11.9 Turboprop 

11.10 Merits and demerits of jet propulsion over other system 
11.11 Rocket engine é 


11.12 Basic theory of operation of rocket aig 


11.1 Introduction | 


Rocket and jet engines are space vehicles. They are propelled by reaction of jet and 
worki ng fluid coming out with a high velocity. The rocket engines aré used in satellites, while 
jetengines are used in aircraft. Jet engines are also used for cruise missiles and unmanned air 
vehicles. : 


. 11.2 Principle of Jet Propulsion i [May °15, Nov. 714] 


All the propulsive devices are worked based on two fundamental laws, namely, 
Newton’s Second and Third laws of motion. ‘ 

Whenever, the momentum is applied to a mass of fluid, a reaction occurs and it gives 
propulsive force in the opposite direction of fluid flow. : 

A jet propulsion engine is a reaction engine that discharges a fast moving jet of fluid to 
generate thrust in the opposite direction of the jet to propel the aircraft. In a jet propulsion 
engine the propulsive power is not produced by the gas turbine, butit drives the compressor 
and auxiliary equipment. Hence net work output of a jet propulsion cycle is zero. The exhaust 
gases that exit in the turbine at relatively higher pressure and temperature, are subsequently 
passed through nozzle so that the gas with increased velocity in the form of jet comes out into 
the atmosphere and its reaction in the opposite direction gives the propulsive force to propel 
the aircraft as shown in Fig 11.1. A propeller discharges the gases at a very high velocity ina 
large mass of atmospheric air. Since the large mass of atmospheric air cannot be displaced by 
these gases, thus a reactive force is produced, which propels the aircraft forward (opposite 
direction of the jet). sie i Weasd aie 

The open cycle gas turbine is most suitable for jet propulsion, in which the power 
developed by turbine is used only to drive the compressor and auxiliary equipments. Then 
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: nape F i 
further expansion of working fluid takes place in the nozzle which is placed just after the 
turbine. This unit will serve as a jet propulsion device., j . es wi. tT) 

Compressor Turbine 
Diffuser: Nozzle i 
Copibudtion ata’ 
hamber fe bs 
a —_ exhaust 
ra gases 
Fig. 11.1 Principle of jet propulsion ; j ' 
11.3 Classification of propulsive engines ..:1)\\» ° [May °15] 


The propulsive engines can be classified as follows ote 


Propulsive engine 


Non air breathing jet! .! 
engine (rocket engine) 


‘| Gas turbine | ° 
1] propulsive 
system 


- Solid. - 

| bE Steady - Intermittent propellant 

j combustion combustion |. - rocket |- 
“1° system: ‘system | ‘|** 


» Bae I 1.) Turboprop 5 


a Air breathing jet engines : This engine requires oxygen from the surroundings for 
combustion of the fuel. Here, jet consists of air plus combustion products. The performance of 
air breathing engines is, therefore, affected by the ambient conditions and the forw ard speed 
of the air craft. In this type of engine, the air is taken in, accelerated either by propeller or by 

expanding high pressure turbine exhaust in a nozzle or by acombination of both. This accelerated 
mass of combustion products ejected at the rear of theen 
of the fluid produces a thrust to propel the engine. 


_ Non-air breathing jet (Rocket) engines : In a rocket engine, the fuel is burned in 


gine, the Tesultant change in momentum 
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the combustion chamber, the source of oxygen being within the rocket and the product of 
combustion open in anozzle imparting then a high velocity which produces the propulsive 
force. The performance of non-air breathing (rocket) engines is therefore, not affected by the 
forward speed and very little affected by ambient condition: 


1c. Engine propulsive system : Itis air breathing engine, in which engine takes air 
asa working fluid, The net power produced by engine is used to drive the propeller which 
creates thrust as shown m Fig. 11.2. The L.C. engine used in this system in an air cooled, multi- 
cylinder and radial engine with this engine aircraft can be used for short range flight with a 


speed limit of 700 km/hr. It is most widely used to power propulsion of helicopters. 


Propeller 


Fig 11.2 1.C. Engine drive propeller engine 


+ Difference between Rocket engine and Jet engine — 


Rocket engine : 


Jet.engine 


(1) Rocket engineis non-air breathing 

engine. ' 4 

(2) Itcarries own oxidizer forcombustion | (2) It takes air from surroundings and this 
“of fuel. Hence, performance of rocket’ air supplies oxygen for combustion of ©” 

engine does not depend on ambient fuel Hence, performance of jet engine 

~) conditions and speed of aircraft/rocket. depends upon ambient conditions : 
iad i ‘and forward speed of aircraft. 

(3) Thrust produced by engine depends 

*. onaltitude. ‘ " 

(4) There is large skin friction and increases. 

” with flight speed.” ide 


(1) Jetenginé is air breathing engine. 


(3) Thrust produces by engine does not 
depend on altitude. 

(4) There is no surface drag, no 
gravitational effect. Rate ofclimb) 
increases with altitude. ; 
(5) Itcan be efficiently operated in 

“ ‘vacuum. Space travel is possible. 

(6) The flight speed may be greater than 
jet velocity and is unlimited. 

(7) Low thermal efficiency. 


(5): Itcannot be operated in vacuum. ‘ 


(6): The flight speed.is always less than jet 
velocity. : 
(7) Good thermal efficiency. 
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11.4 Ram jet : [May 715, May 712] 


Ram jetis air breathing and steady combustion or continuous flow engine. It was invented 
by a French engineer Rene Lorin in 1913. Itis also called Athodyd, Larin tube or flying 
stove pipe. : : 
Construction and working : Ramjet is simplest of all the air breathing engines and consists of 
supersonic and subsonic diffusers, a combustion chamber ‘with fuel injector and a discharge 
nozzle as shown in Fig. 11.3. 


Exhaust 
nozzle 


Fuel in 


Exhaust 
gases out 
at high 
velocity 


= Combustion 
chamber 


ee 


ti aa 

iffuser ie 

(M>1) diffuser Flame holder 
(M<1) : 


. » Fig. 11.3 Ramjet engine 

Airenters the diffuser at a very high velocity and gets compressed. Air is compressed in 
two stages by the diffuser. Since usually ramjet operates at supersonic speeds, the first stage 
of compression takes place in converging section of diffuser. Then second stage of compression 
takes place in diverging section of diffuser. In diffuser the kinetic energy of air entering is 
converted into static pressure whichis called ram pressure. The air then enters the combustion 
chamber, fuel is injected where it is ignited by means of a spark plug. The air temperature is 
raised by continuous combustion of fuel. The hot combustion gases then expand in the exhaust 
nozzle with a velocity exceeding velocity of air entering. Thus due to change oi momentum of 
working fluid, reaction produced to the ram jet structure through pressure at end of diffuser 
and shear forces all over the surface of the engine. Thus, thrust is developed in the direction of 
flight. ° ‘ , : 

The ramjet engine works on Brayton cycle as shown on T-s diagram in Fig. 11.4. In ideal 
cycle process 1-2 is isentropic ram compression and process 3-4 is isentropic expansion in 
the nozzle. In actual practice there will be losses due to shock friction and mixing at the 
diffuser and losses in the nozzle. The actual compression and expansion is shown by the 
process 1-2’ and3-4’ respectively. Combustion process is represented by the process 2-3. 

Performance of Ramjet + At low speed the fuel consumption in ramjet is high while at high 
ag eae aya teente tinued romps por. Alay 
é tance at high altitude, However, thrust produced 
is reduces as altitude increases due to reduction in density of air with altitude. If increase in 
thrust by increased velocity is more than decrease in thrust due to reduced density, 


fuel consumption is reduced. the specific 
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= 


q 
\ 
\ Jet or Nozzle 
\ 
\ 


: { s 
Fig. 11.4 T-s diagram of Brayton cycle - 


The ramjet engine can not operate under the static condition (zero flight Velocity), as 

there will be no pressure rise in the diffuser and it is not self operating at zero flight velocity. 

Since, the cycle pressure ratio of ramjet engine depends on its fight velocity. Higher flight 

velocity, larger the ram pressure and consequently larger the thrust. Therefore ramjet is boosted 

upto aspeed of 290 km/hr by a suitable means such as a turbojet or a rocket before ramjet 

roduce any thrust and must be boosted to even higher speeds before the thrust produced 

exceeds the drag. The ramjet can be operated at subsonic velocity just below the sonic velocity, 

itis most efficient at high velocities of about 1700-2200 km/hr (about Mach No. 3) and at 

veryhigh altitudes. ; . 

Advantages of ramjet : : 

(1) Ramjetis very simple in construction and does not have any moving part such as 
compressor and turbine. \ae : 

(2) Itis very cheap and requires almost no maintenance. 

(3) Greater thrust per unit engine weight than any other propulsion engine at supersonic 
speed except rocket. t ii J 

(4) Since, turbine is not used in ramjet, hence maximum temperature of cycleis allowed 
very high about 000°C as compared to about 900°C in turbojets. This allows a 

; greater thrust to be obtained by burning fuel at air-fuel ratio of about 15:1. 

(5) Atvery high speed and high altitudes the specific fuel consumption is less than turbojet 

engine. ' ‘ 1 

(6). Itcan be operated with any type of liquid fuels and even with solid nuclear fuels. 

Disadvantages : prigis: wee! 

(1) Atlow and moderate speeds, the fuel comsumption is very high. . 

(2). Itcan not be started on its own, It has to be accelerated toa certain flight velocity by 


some launching device. . a. 
(3) Duetohigh air speed the combustion chamber requires flame holder to stabilize the 


combustion. ao : Hi 
Applications of ramjet : The. ramjetengineis widely used in high speed aircraft and missiles 


due to its high thrust athigh operational speed. Subsonic ram jets are used in target weapons, 


_PPE16_35 
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in conjuction with turbojets or rockets for getting the starting torque. They have been also | 
used as tip jets on helicopter rotors. , 
11.5 Pulse jet engine ___UMay*14]) 
A pulse jet engine is a very simple form of 1.C. engine based jet engine in which 
- combustion occurs in pulses. The pulse jet engine is free from moving parts like compressor, | 
tiirbine and propeller. It is little more similar to ramjet engine, but pulse jet engine use on | 
intermittent combustion process while ramjet use a continuous combustion process. The pulse | 
jet engine develops the thrust by a high velocity of jet of exhaust gases. 

The pulse jet engine as shown in Fig. 11.5 consists of diffuser, one way flap or reed 
valve, a combustion chamber and exhaust nozzle. The incoming air is compressed by ram | 
effect in the diffuser section and then passes through the passages which are connected with | 
diffuser and opened or closed by reed valves. Fuel in the form of a gas or liquid aerosol is 

either mixed with the air in the intake or injected into the combustion chamber. The combustion | 
is then initiated by a spark plug. As combustion takes place the tempressure and pressure of | 
coinbustion gases became higher than the ram pressure, hence the reed valves get closed. The | 
high pressure hot gases then exit through the exhaust nozzle with high kinetic energy and | 
produce forward thrust on the unit. Due to escape of gases to the atmosphere the pressure | 
reduces in the combustion chamber, therefore the ram air forces the reed valve to open and | 
fresh air enters in the combustion chamber for the next cycle. - fs Iasi | 


} 
Fuel in | 
| 
| 


Combustion 


Exhaust nozzle 
chamber | F 


0 Li : | 


- Jet of 
exhaust | 
gases ( } 
Reed valve 
(non-return valve) ~ ; 
Fig. 11.5 Pulse jet engine 7i3). 
Advantages of pulse jet engine : bane ibs 
(1) Itis simple in construction compared to turbojet engine. 


(2) It does tiot having moving part i res i re 
: ig parts such ds 4 {Q)... 
fletit atid dans high ay a compressor, turbine and Propeller. Hence itis 


a - on Ki proditced sufficient thrust at low speeds 

is highly suitab igsiles itcan 

a ignly suitable for bombers and target missiles because itcan be operated Without 
(5) Itis cheaper then turbojet engi 

Disadvantages ; ee 
(1) It produces very hi 
(2 


igh noise and severe vibrati lie to intermitte; 
aloes ons due to intermitte 
as high fuel consiimption and very low theimal efficiency (ibut em 
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Process 0-1 : Ram compression in diffuser ; 
Airenters the diffuser from the surrounding atmosphere at temperature Ty and pressure 


Po atflight velocity C, . The airis slowed down in the diffuser and kinetic energy of air is 


converted into static pressure. The pressure, temperature and velocity distribution is given in 
Fig. 11.8. 


y m Diffuser |Compressor Combunsion _Turbine, Exhaust nozzle 
' P chamber P 
2 2 


Pressure P, 


R 


Temperature 


Fig. 11.8 pressure, temperature and velocity distribution in turbojet engine. 
Energy equation between state 0 and 1: 
2 2 
C 
a ee al, 
os tho +41 A ao 


| 

For ideal diffuser, C; = 0, gg) = 0, ,and Wo, =0 | 

; | 
| 


c2 
eh = + a 
NES Wie CLD) | 
2 f 
a T, =1 ged : 
2c 
p (1.2) 


Diffuserefficiency y = ea emronic ebay rie 
alpy rise 
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oly ? ~Ty 
oa = Ng th, —ho) and T= Ty = 11g (1 -Th) 
Hence equation nid. 1) and (11, 2) ee 0 
2 
hy =I t a / 
2n =p (11.3) 
C, 2 
and qT; =Th+ \ ‘ 
0 (Ld 
2C,N4 (11.4) 


Process 1-2 Isentropic compression in compressor 
The diffused air at pressure P, and temperature T, enters the epuipee and is 


compressed to pressure p,. 
From energy equation we get, ideal work consumed by compressor 


We = hy —y =C, (Ty -T)) (11.5) 
Compressor efficiency 1, ee i a ty: al 
“ho Tn 
.. Actual compressor work w, = hy -h=C, (I -T,) 
= hy Sp%-H) 
A= tas rad ae BS (11.6) 
N. Ne 
Process 2-3 : Constant pressure heat addition in combustion chamber 
Heat supplied to the combustion chamber 7 
ALL) 


O, = (1g + my )Ity — Mghy 
Where m, = mass flow rate of air 
m, =mass flow rate of fuel supplied 


Combustion efficiency is given by 
Actual rise in enthalpy of gases _ eg i a alle, 
"eomb = Energy supplied by fuel Mm “CV 
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Process 3-4: Isentropic expansion in turbine 
The hot combustion gases generated in th 


the turbine from pressure p3 and temperature 73 to pressure P4 and temperature T;, . 
From energy equation we get, isentropic work produced by turbine, , 
w, =hy —hg =C, (73 -T,) ; i (lida (11.8) 


combustion chamber expands partially in 


, , 

‘ eee _Iyrhy _T-T% 
isentropic efficiency of turbine = = 

: P ae "Ig-hy 13 -T% 


Actual work output of turbine w, = h3 — hg =Cy (T3 - Tr) 
ow, = (hg hg )N, = C, (T;-Ty)n, ; .(11.9) 
Theoretically, for turbojet Compressor work inp t= Turbine work output 2 
1 ‘ayy Werei bis ~4 aH it 2 ! 
6-1) 


Ne 


f By 


=C, (73 — Ty), 2 T | 


Ty 71 = (13 -T4) MeN 
Process 4-5 : Isentropic expansion in nozzle 
After partial expansion of combustion gases in the turbine, the gases enter the nozzle 


) 


and expand isentropically from pressure: py and temperature Ty to pressure ps and 


| 
temperature Ts. ; p ve | 
Energy equation between state 4 and 5, a 

| 


2 2 
Cy C. 


).. —t-+hy => +h," deal) “iD | 


=o 
ci oudgisils cays pudite? Mb aa bs Sd ne] RIK x v1 
thy =h et (actual) WREST aN a 4.11.12) 


2 


If C4 is very less compared to C= C= jet velocity, then neglecting C4 we get, 
2 
Pgh aed 
Wy =i +— (11.13) 
Actual enthalpy drop hy =H 


Nozzle efficiency is given by 1, = aes == 
entropic enthalpy drop , , hy = hs 


Scanned with CamScanner 


Hen 


ing ff jetPropulsion 535 
‘ oy highs = (hg hsm, F 
in Hence equation (8.13) becomes, 
wie 
hy =hs + i 
8) a em 7 
(A114) 
9) fil. 7 Thrust, Thrust power, Propulsive efficiency and Thermal efficiency 
[May *14] 


Thrust (T) : Itis unbalance force acting on space vehicles due to difference in momentum of 


flow velocity of air entering the engine and high velocity hot gasés leaving the exhaust nozzle. 
According to Newton’s second law of motion 


Thrust, T = (m, +m, )C; -m,C, ,Newton 


where, c; = velocity of gases leaving the nozzle CELA BODES 


C. - = velocity of airenterin g the engine : 


(11.15) 


Since, the air-fuel ratio used in the aircraft is very high. the mass tan rate of exhaust gases 
almost same as of air entering the engine. Neglecting the mass of fuel. 


T=C;—C, ,Nikg of air/s : (11.16) 
OR 


Thrust power (T.P.) : It is the power developed fr from thrust ofe engine. Itis the han of. 
thrust and the velocity of vehicle. 


Thrust power, «(L1.17) 


Neglecting mass of fuel, we get 


(L118) 
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(C,-C,)xC |. 

OR T+ P=—!——  kWikg of air i 
1 

Propulsive power (PP) : It is energy required to change the momentum of the mass flow of | 

gas. Itis expressed as the difference between the rate of kinetic energies of the entering air and | 

gas leaving the nozzle. 

| 


c2 2 
PP. =AKE= (im, + m',)—-—m —4_, Watt 


(LL.19)_ 
| 


scchttzioin 11.20) 


| 


Propulsive efficiency (,) : Itis ratio of thrust power produced to propulsive power required. 


_ Thrust power _ TP 
P  Propulsive power PP 


(11.21) 
Neglecting mass of fuel, we get ; 
ny Cj ~GXG, ‘ oe (at Bey b 
(Cj -c?) (C, ~CqCj + CQ) 
“Eee Gi may Edt yd sess(11.22) 4 
From above equation (11.22), 


itis clear that propulsive efficiency increases ag the aircrall) 
w 
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speed (Cg ) approaches jet velocity (C j), but thrust decreases. 


Thermal efficiency of the plant My) : Itis the ratio of propulsive power to rate heat supply 
to the system. 5 * j 


Propulsive power Pp, 


"th = Rate of heat supply © Q, 
meee eg 
12° 3 2 
Nh = my (11.23) 
—_xCV 
m, , 
Neglecting mass of the fuel we get 
(11.24) 


focaa ae 


Overall efficiency of plant (n overal!) * Itis a product of thermal efficiency and propulsive 
efficiency. It can be defined as ratio of thrust power to rate of heat supplied to the system. 


____ Thrust power _‘T.P. 


“overall ~ Rate of heat supply Q, “ 


1(11.25) 


“ Noverall = 


m 
_+xcv 
ma, 


Neglecting mass of fuel we get 


(11.26) 


J m, | 2 la 
Noverall = . "ase Ce 
overal m m 
xv. 14+ | 4-2 
m, mq) 2 2 


 Noverall = "Uh XNp 
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‘Thrust specific fuel consumption : It is ratio of fuel flow rate to thrust produced. 


“a127 


Advantages of Turbojet engine : 
(1) Itis simple in construction as compared to I.C. engine propelled system for same 


power output. 2 


(2) The weight power ratio of turbojet engine is one fourth that of al.C. engine propelled 


system. ; zt es | 
(3) The speed of turbojet is not limited by the propeller and it can attain higher flight | 


speeds than I.C. Engine propeller aircrafts. 
(4) The thrust or power output of turbojet is not limited. 
(5) The turbojet is very suitable for longer flights at higher altitude and speed. 
(6) Less maintenance is required. 


Disadvantages 
(1) The fuel economy at low flight speeds is extremely poor. 
(2) Propulsive efficiency and thrust are lower at low speed. Itbecomes inefficient below 


a speed of 550 km/hr. : ps 
*\(3) » Turbojet is not economical for short distance flights.-Also it requires longer runway 


for it take off and landing. 
(4) High capital cost. 
11.8 Turbojet engine with afterburner 
As we know that turbojet has a poor performance characteristics at low speed and take- 
off. Several modification to turbojet engine have been made to fulfill the special performance 
requirement of various aircraft. The thrust from a turbojet is given by ; 


T=(m, +mp)C;-mC, 


| 


} 
| 


From above equation it is clear that the thrust can be increased by increasing velocity of 
exhaust gases (C,). The C; is the function of maximum ternperature in the cycle, as maximum 
temperature increases, the exit gases velocity C. also increases, and hence thrust increases. 
The thrust can also be increased by increasing the mass flow rate of gases. 

An afterbumer is a device added to the rear of the turbojet engine as shown in Fig..11.9, 
which is one of the method to increase the thrust of turbojet engine for short duration for better 
take-off performance, higher rate of climb and increased performance at higher altitude, The 
exhaust of the turbine of turbojet has sufficient oxygen to burn as there is always excess air 
available. This allows the burning before it reaches the nozzle. Itis called after burning. This 
increases the mass flow and the velocity of the exhaust jet, hence thrust of aircraft is increased. 
Its purpose is to provide a temporary increase in thrust, both for supersonic flight and for take- 

off. 30% of thrust can be increased with the help of afterbumer. However, the fuel consumption 
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“creases rapidly. In order to j ; - 
Lene: aflecbiirheris Sah ae aes of thrust, the 100 % fuel consumption increases. 
Gufation’Also, exhaust jet area ea or for high climbing rates and for a very short 


pats fe variable to meet the demands of increased flow 
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nara /o.. Additional 
pills fuel supply 


Exhaust 
gases out 
at high 
velocity 

‘ 


| Dither [Compressor, Combunson (Turbine <0 J: dinstable| 


chamber ‘ After-) | nozzle 


PAF ONE eakes a-sriy fis SOUTMEE i 
Fig. 11.9 Turbojet‘engine with afterburiier : 
11.9 Turboprop si a “ [May 712] 
As we know that the turbojet engine or other jet engine has a poor performance at low 
speed and take-off conditions, while I.C. engine propelled system is used only for short range 
flight with speed limited of 700 knv/hr. A higher thrust per unitmass flow of fuel can be obtained 
by increasing the mass flow of air and that this also results in better fuel economy: This factis 
utilized in turboprop engine which is an intermidiate device between a jet engine and propeller 
driven by IC. engine. A turboprop engine is also called propjet. ) ; 

A turboprop engine consists of diffuser, compressor, combustion chamber, turbine, exhaust 
nozzle and propeller coupled with turbine shaft and driven by turbine as shown in Fig. 11.10. 
The air flow increases by propeller in addition to the thrust produced by the exhaust nozzle. 

The air enters the diffuser from the surroundings where kinetic energy of air reduces and 
pressure increased. Then air is compressed in compressor before passing to the combustion 
chamber. The compressor in the turboprop is essentially an axial flow compressor. The product 
of combustion expand in a two-stage turbine. One stage of the turbine drives the compressor 

and the other drives the propeller. Hence, less energy available for expansion in the nozzle. 
About 80% of the available energy in gasesis utilized to tun compressor and propeller while 
test about 20% energy contributes the thrust by velocity difference of gases leaving and air 
entering the aircraft. The propeller also provides the usefull thrust. 

The reduction gear box is used between'propeller and turbine shafts to Tediice rpm at 


propeller shaft. 
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Fig. 11.10 Turboprop engine } 


Advantages of turboprop : ! 

(1) The operational range of turboprop engine is between that of turbojet and propeller | 
engines as it can operate at any speed upto 800 kan /hr. | 

(2) Itdevelops higher thrust at low speeds and hence take off rolling in short, requiring 
shorter runway. Itis very useful for short range flights with a speed of 600 km/hr. 

(3) The turboprop engines are utilized the advantages of both the pure jet engine and 
propeller engine as low specific weight, small frontal area, high speed, large thrust | 
compared to propelled engine and high take-off thrust, good propeller efficiency at | 
lower speeds compared to pure jet engine.’ i 

(4) Thrust reversal is easily achieved by varying the blade angle, and aircraft speed can be 


drastically decreased. 
Disadvantages ‘ ‘ 
(1) Athigh speed, the propulsive efficiency decreases drastically, thereby, putting up a 
maximum speed limiton the engine. . . iiw b 


(2) Itisused only for short range of flights, low altitude and low speeds. 
(3) Itrequires reduction gear which increases the cost and weight of aircraft. 


11,10 Merits and demerits of jet propulsion over other system _[Nov.?13] 
Merits : 


(1) Small frontal area : The frontal area of jet propulsion engine is less than one-forth of that 
of .C. engine propelled engine. , ‘ 
(2) Low specific weight : The specific weight of j i ineis 
jet propulsion engine is fr - 
one-half of that of I.C. engine reicelistenn ne: ; ; ann oe 7 


(3) Nounbalance force : Jet propulsion engine is free from unbal | 
ance f 
is noreciprocating parts, cies bra ii 


(4) High Speed : The speed of I.C. engine driven aircrafts limited to 800 km/hr while speed 
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of jet propulsion engine is not limited. 


5) High power output or thrust : Th ; 
: limited due to detonation while p e power output of I:C. engine propelled system 1s 


ower output of jet propulsion engine is not limited. 
6) High efficiency : At high altitude (ab. 
than that of propeller, (above 10,000 ia the efficiency of j jeti is much higher 


(7) No lubrication nor radiators : Jet propulsion engine requires neither internal lubrication 
nor radiators as it requires in IC. engine driven engine. 


(8) Flexibility for position of pilot : Jet propulsion engine aircraft permits better position of 
the pilot due to no propeller at from of aircraft. 

Demerits : ='N gory 

(1) High fuel consumption : At low speed and altitude the fuel consumption istwo to three 
times of that of LC. engine propelled aircrafts,- -.- i)! i = QUEO - 

(2) Low thermal efficiency : At low pressure thermal efficiency is is lower. 

(3), The compression ratio is not constant. 

(4) The plantis very noisy. 

(5) Costly materials is required. 

(6) Short life. 

avant + 


CV. = 48,000 ki/kg, Cj =?, my =?,PP=? ree 


(i) Absolute velocity ofjet (Cj- cq) 


Propulsive efficiency is given by Np = 


! [(+s Ae; — 200 } 200 bP a 
[UF o/s 


052 (va) b 29" 


2, 0.51C5 = 20,000 = 408C ; ~ 80. 000 
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£.0,51C3 —408C + 60,0005) rss) iT sieve 


Solving above equation, weget' is pate d sete Hatt) 


2. Cj = 605.8 m/s : tycotey hadi 


Absolute ‘relocity of gases = , -C, = 605: 8— 200= 405 Sais, sgh Ans 


cy ea noord PREC ») ; lua iol wena teat 


Netaiia tos Pr Gatto 


Thrust T= (m, si car =-m,C, 


+. 6500 = m, [td x05 8- 200] tl si 


*omg = 15.55 kg/s- aero. 10, omit ana gees sll 


(iii) Propulsive power (PP) 


po . e x [( +4) x (605.82 = (200)? | 


(= 2599443 W = 259944 kW Anis 


Gv) Mas of uel supplied (7) ‘-: Sled ah = Wee > Le" GAIT 


Air fuel ratio = Ma =50 
"s i 


; = ; : } i eke nities 3 
mp =—— =031i isle ‘ % ‘iii > ; 
(v) Thrust specific ai consumption 


m 
Thrust sfe = —— = ——— = —5 
T 4.78 x 107° kg/Ns. 


Ans 
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Solution : Given data: C, =250 m/s, Py = 0.32 bar, Ty =-35°C= 238 K, 


= 10 ke/s, P2/ Py =10, T, = 1000°C = 1273 K, Cy = 2) Mp = 
frroces0 1: Isentropic compression in diffuser (etre 11.11) 


yen viol 


% Fig. 11:11 eesti 
‘ ‘ 2 
, H = oF (250) 
For ideal diffuser, 7, =Ty+ 2C, =2 Sta iegs ee 09K rs 
TN py) aT REALE = OOLx —- = 
Also, + = a “Py = Po = v 
To \ Po 0 +. ee _ 


adi’, t <4 
=0. p= 0a2x{ } + 9.402 bar 


For process 12sec “gs af'Sy-49) 


Be a a ey 
by k\" 1, = 2620900) 519.53 K Unio’ 
ote (ry ee carton davon Wok 

Forturbojet, Coinpesorinpt= = Tuibine workout scabies taeda 


ae Ch a 


Ry los We Cys x ae 


AM, = =} = (Ty = n)* 12734 6191537960109 4 1023.58K » wor 
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For process 3-4 : Isentropic expansion inturbine < 


yo Twi TW 
T: Y yO) ae Ty = 
23 | P83) pgs] a | =P 2| 7, 
Ty \ Pa T, 3 
But p, =10% pj = 10x0.492 = 4.92 bar 


14 ; 
1.4-1 
Py = asar( 225°) = 2.28bar 


1273: 
For process 4-5 : Isentropic expansion in nozzle 
T Dp. - 2 itl 
f 14 
5 =| “5 #.Ts 21022.55x{ 252 |"* = 583.48 K 
Ts 4 2.28) . 


(i) Velocity of gases at nozzle exit 


Cj = f2Cp Ty -75) one TF 
= /2x1x1005x (1022.55 — 583.48) , (Assuming 1, = 1) ; 


= 939.42 m/s is id ad 
(ii) Propulsive efficiency , 
2) f yo y) 
Tp = a (neglecting mass of fuel) ' 5 
J a 
2x 250 t rer 
=———=—__ x 100 = 42.03% =) 1) {ay t 
939.42 + 250 ny Pee lgie ee | | Bele t sala 


(ii) Thermalefficiency ee: Rl cee 


-- Dinisive power 


n 
a heat supplied ALCL Gs 


(@-2)_ 
=it ._ (939.42) -(250)" 
Cp - %) 2105x973 519.53) = 5414 % ne 
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tion : Given data: C, = 1000k = 
salt ht = 3600, 


=? 
Noverall ~ * ; ‘ 
{: 


Exit velocity of jet Cj) =/2n,C, (j-Ts) 
= 20.9x1.05103 480): = 583.26 m/s 


Wx oS ; mp cf c2 
Propulsive power PP =| 1+ Fn ks 3 , Wikg of air 


2 
“(45 ye (583.26) _ oe 8)" = 133.94 kW/kg of air 
70 2 ‘ 
Heat supplied rate Q, =mp CV ,W 
mp ; i 
=—-CV , Wikg of air 
mM 


O.= 5 %46,000 = 657.71 kWikg of air 


PP _ 133.94 
Thermal efficiency Ny, = >~ ——— x100 = 20.38%. : 
FQ. 657.71 


m 1 i 
Thrust produced T = [« we < ca (c 7 8829 = ar7s| 


™Mq 
= 313.79 Ni/kg of ait/s he 
=m, 313. 19 =60x313.79 = 18827. 53,\N 


m 
Thrust 7p = [-2. -c. jG = 1xC, =313.79 x x 271.8 
m $ 
a 6 
= 87.171 kWikg of air ~ ° 


M_PPE16 36 
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1000x1 - 
100021000 = 579 g m/s, mg = 60 Ke/s, 


A[F=70: 1, CV = 46,000 kiikg, Ty ~T; = 180°C , Ny =0.9, Cj =? Mn =% Np =” 


Ans 


Ans 
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1gRP, ORE ' nik cavid) >pRouelal 
x100 =65, “Any 
Propulsive efficiency 1 ppp. “133 04 65.08% ny 
Overall efficiency Noverat! = Thi *"lp = 0.2038 0.6508 = 13.26% “Ans 
60 


Img . 
—* =— = 0.857 k 
Mass flow rate of fuel mp = AIF 70 wt 


m 

'f _- 0.857 
Thi = = is 105 k 
rust sfc T " 1esa75e 4.55 x 2/Ns 


Solution : Given data: H= 1000 m, C, =250 m/s, p, = 0.3 bar, ie = -47°C = 226 K, 


TP = 80 KW, 7; = 700°C = 973 K, Cy = 220 mis, ‘py! bj = 5.2, N= 0.85, Ty, = 0.86, 


n = 0.9, A/F=?, m, =?, Noverall =?, As =?. » Thrust sfc =? 
ik procos 1-2: Isentropic compredlear (Refer Fig, ll. 12) Al voasivifia! 


Fig 11.12 
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Pz )\1 
Ty =T aap =2’ 14-1 
; (® ) 26x (5.2) 14 =361.97K , 
{ \} 
T, -T, : 
Now Me rage Tf = 225436197 =226 _ 
a r : 0.85. PEROT cota: 203-8 


sor Work input x , 
os Pur We = Cp (Ty ~T,) = 1.005 (385.97 - ~226); PAGP.77 ekg ofr 


For turbojet engine w, = w,., but wr =C oa 7%) or fonend 
“160.77 = 1.08(973-T)) ‘<\, TL B84: {3 gest = VI% We sonuted 


Ti 973 a 
Now, 1), = + Ty =973- 973-824.13. pl ge 
Ty —T, Gag ee hE 


For process 3-4 : Isentropic expansion in turbine © 


{2.2 Oy gd 


yt fA €, CBE ~ ER x | 
eb EE el PaNT Be -( 973) 
T, | Pg Py Pa \.799.89 


+ Pg = Py X0.454 = TEX PL XOASS = 5203x0454 = 0:708 bar 
Py AV of 
For process 4-5 : Isentropic expansion in nozzle \ 


“Final K.E. of pa 
i Isentropic jee a drop in nozzle + KE. of gases at inlet of aa 


hl 4 
od 


2 
_ eta) 
=——__,, 
Cp (Ty - 15) + C4 12 
cj 
“ 09= $$ toon 
2x1,08x10" (824,13 646.4) +( 


Cc ha 623.75 m/s 
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Now, actual enthalpy drop in nozzle = change in KE in nozzle 


Sieg -CA 
 € yea Ts) = 2 


“a1 gf = CBOE Na 
a jf. 623.75)", — (220)* 
Mosier G4. 3-1) =—— 
to 1 Tg=666.41K ~~ ars 
For process 2-3 : Combustion process ; - \) ' er 


Energy balance, 1 xCV =(m, +mp)C, (T3,- m3) 


“CV “(Fe Jeyes -T;) £4 


-. 44,000 = = + ) X1.08 x (973 — 385.97), 
m i j 
fi “5 { 


ae? 
™t EROXEOXE2 = REAOX 4 pa PhO 
@ — Airfuelratio ™,/mp =684 su AA ot Ans 


SISNoni mi GOIeABgxS OIOTIGS 


i) Mass flow rate of air i 
Thrust power T.P.= [lm + my Ej maCaY*Ca are 


ae 
+ 800x107 =m [oe 


T 10 191 18 29250 TG 22M + oixnod mi qotd yaladine olde 


2. 800x103 = m, x{( Gy soem ~230 fx 250 


sm, = 8.36 keys ev e3 <i Ans | 
(iii) Overall thermal efficiency *s: 


PP_TP. 
Noverall = Nn * Np = 0 x PP 7. _ : .f 
BESS (ea Eh fe 
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800... 
tn 5100 14.87 
m, me) 8.36(4 x44, om 


(iv) Outlet area of jet R. 


~  Noverall = 


0.3x10° 


jars TT 3 
0.287x10° x 666.41 es 


Density of exhaust gases P, = a = 


Mass flow rate of gases =p, RAS XC; 4 


a (m, t+m,)= Py x As xC; 


. 1 SE fOLE nt sat untsonnet 
“8.36% (1+ 217) = 0.1568% A, 623.780" 


«. As = area of jet at outlet = 0.086m? is Picts ee SV. Ans 
(v) Thrust specific fuel consumption 2a) ; 
TP.=TXC, 2. Thrust 7 SOS A ypsgiy Ha iS DI I i 
250 Al fe 
Le 1 Oeesv i 
mig = mg XO = 836K 7 = 0.122 kes : 
: my 68.4 (°° - ve ie 
VA iG pee 
» Ans 


m ' ; 
'f — 0.122 5 ; 
Thrust sfe = ——- = —— = 3.82 x 10° kg/Ns- 6925). 
sic T 3200 ax > KgiNs. 


Py = 0.5 bar, (Ty=15° C= 288K , Py = 3 bar, 


Solution : Given data : 
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wee 
a I OOrrerevom'ee 


1; -T, =1.2 -1)), Ty = 600°C = 873K, Bloc otttiioeeh = Cy 2, Owe = TA 
F=2,T=? : 


Fig. 11.13, > 


For process 1-2 : Isentropic compression (Refer Fig,.11.13), _., j 


ya 14-1 


myer| 22" =n Ss) 2 480.53'K 
1 0.5 


But, Ty -7; = 2(T, -T,) =1 2(480, 53 = ~assye 231, 03 
“Ty =519.03K =e 
Work consumed by-compressor \ \ ; 
we=C p(T -T,)=1. 005(519. 03- 88) 5 232, 19 kik of air ; Ans 
Now, heat aaa in combustion iarip , 
a =C p(T - Tz) =1 .005(873= 519, 03) = =355°74 larg. of air 


But ds seer: kJ « 
j *355.74xm, =m, xev- 
7a _ 44,000 
“my 355.74 cae ite 
.. Air-fuel ratio = 123.68::1. ° b> Ans 
Since, W, = Wr 


(35 C502 6,0-m) Ag 
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=""-519.03 — 288 = 873 _ SS 

~T, 4.7, =641.97 K 
porisentropic expansion process 3-5 : ‘ t 
yl 


T; _{ P3 |" ee Pp. — A-1 
2-(2) “Ts =x| 2S)" <e73x{ 95) 2 593.20K 
5 s P3 ; 73 } 


Now, velocity of jet Cj = f2n,C, (T, —75) 
= J2x1%1.005x102 (641.97 — 523.22) = 488.55 m/s 


> M,, M7 
Thrust produced T. = [ si ee — Cz. Nikg of air/s 
m, ied }4@ lesa 


a 


ast 


1 
=[1+ “maa tess 0 = 492.5 Nikg of air/s 


Solution : Given data: C, = 200 m/s, Pg =9.7 bar, Tg =-7°C = 266 K, pressure ratio in 


compressor = 6, 7; ='1000°C = 1273 K, pressure drop in combustion chamber = 0.12 bar, 
Ps = Pos Ny =Ne =Nq = 0-9, Ny = 0.82, AIF =? Specific thrust=", Total thrust =? Ay 


=0.12 m2, CV=44,000kI/kg. eg a 
(i) Air fuel ratio (A/F) hie, oe 
For ideal diffuser, process 0-1 (Refer Fig. 11.14), energy equation is given by 
. an © ee ' 1 
2 (oa : 
c a 
h=hy+ “hah tye lqque leo 
- nN 5 \ U) 
2007 
T, = 266+, = 285.9K 
2x1.005x10 
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hh 


ffuser efficiency Ny =9.9=—,—— 
Now, diffuser e y Na hi -No 


2 
Teaas hy ~My Ca } 
Kab *~o9 “Mot ox09 
ses a —_— (200)? =288.11K 
V="0"2x0.9xC, ~- 20.91.0510? 


ud 
a y-1 as “a si 
Also, 1={ 21)" +p, = pp AM =o» 2)" “|= 0.9 bat" 
T \ Po . 


Fig. 11.14 
T, _{ Pz et 
For compressor, raat “ak T, =288.11x(6) 4 = 480.71K.) =.9 
-T, : 
n oo a YO} BOL ryt 
Also ‘Ic 7 i : : 


Hat 480.71—288.11 bi 
43 274241 ae Tape 1o( $07 2H81) oa 


Heat supplied to combustion chamber 


Q, =m xCV-=(m, +m, )C,T; —m,C pT, 


| 
| 
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m 
.cV=|—*+11c,7, -"2¢.7 
(# p3 my p 2 
: wc eet, 
BV ean) + Cph 


C m, 12 ¢ ra c 
. 44,000 = % x 1.005(1273 — 502.11) + 1.005 (1273) 


~~~ = Air fuel ratio= 55.14 «: _ Ans 
(ii) Specific thrust of the unit ae j 
Pressure at inlet of turbine P3 = Pz —pressure dropi in combustion eiunubee 
= (ppx6)—0.12 
= (0.9X6)—0.12 = 5.28 bar 


For turbojet work produced by turbine = work input to,compressor , 
1: (tg +m ¢)C py (Ty -T4) = MgC p (Tp -T) 


my ‘ ; > brosee wn tajodhyt 
“| 1+ cy) as Ce Ss |) ee 


a 
lt Ty -Ty) = 502.11- 288.11 
of 55.1 {)@- w= i 
ED -T,=210.18 +. Ty =1273-210.18= 1062.81K 
T; -T, 
T, -T, 


(T; -T4) 
2b, sh -3—* =123- 
4 "3" 0,82 


1 ee 4, 
T, p3\¥ T, \r! 1016.67 \I441 
3 =| £3 4 = Sees 2 
Also, Ga Pa = P3 ata sa8x{ 73 2.4 bar 


Now, for turbine n, = 9. 82= 


(1273-1062.81) _ jo 16 67K 
0.82 
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4 i i cs 0.7 a } : 
Faroe, =| 241"). teeta, = 1062.81%( $7] * =T41A2K 
Ts \ Ps P4 ‘ 
Ty -Ts Bs T=), : 

Also, Ny = 09 = 7, = 


1 Tg =Tj -0.9(1y -Ts) = 1062, 81- -0,9(1062.81 = 747. 42) = 778.96 K 


Velocity of gases at the exit of the nozzle — 


C,=J2n,Cp Tq -Ts) ? of 
= [2C, 1 Te) = ¥2x1.005x10° (1062.81-778.96) A deer 


= 755.33 m/s es Oi aaivian enlace 
; “i i sanevit] J f 
Specific thrust T =|-1+—— Cj = Cz, Nhkg of ait/s 


™Mq 


= [ os = ; ip 755.33—200 = 569.036 Nikgofair/s Ans 
(ii) Total thrust . : 
Volume of air entering the turbojet per second 
Ge 
Vo =Inlet area of diffuser x Air velocity 


=0.12 x 200 = 24 m/s 
Now, mass of air entering the turbojet per second Ty et 


_ PoM _ 0.710? x24 


= 2kg/ 
«RT 287X266 a“ 


. Total thrust = m, x specific thrust : 2.0 siidug) 1) wo 
= 22 x 569.036 = 12522.34 N Ans 
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ae 2 
Solution iven data : m, = 45 kg/s, C, = 880° km/hr = 244.44 ae, 
hi, —h, = 188.37 kI /kg, K = 
aos 8 Ky = 0.96, Togs, =0.95, F/A = 0.012, CV. = 44,000 KiB, 
Thy = 2m,= 2, TSFC=?, PP=2, 1P=2, n, = 9,0, =2. 

The velocity of gases leaving the nozzle overall 


C= 2n,Cp aes 


=n 2K; ( ; ~hs) (1, = K2, where K,,= velocity co-efficient) 
=2x(9.96)" me 


= 589.24 m/s . | Lt ‘ 
(a) Thermal efficiency of the engine 


m, \C2 C2 as 
14+—£ wt a WI ame" 2 iit: 2 
n <2? (tooiay| $8228 uaa) 
th = 
"tf xcy - 0.012x 44000103 
m, we 
= 27.61% - Ans 
hp 
(b)  Massof fuel supplied ™y =| 7 xm, 
=0.012x45 =0.54kg/s. 
= 1944 kg/h Ans 
Thrust specific Fuel consumption (TSFC) 
TSFC == fu kgINsi 
41 saber} My erp i Te 
m, are C; 4 : , : 
% 0.012 ii 
(1+0.012)x 589.24 - 244.44 
Ans 


= 3.4105 kg/Ns 
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(c) _ Propulsive power (RP) | 
0. 


2 2 
P| psy Watt 
PP=m, [* 1 5 2 


m, 


2 
589.24)” (244.44) 
= 45x +0.012) 582240 _ (2440) 
2 2 
= 5217.04 kW . Ans 
wip) Ls 
(d) Thrust power (7P) = m,|| 1+—* |C 77 Cg (XC, 
m, 
= 45x([(1+0.012)589.24 -244.44]x244.44 
= 3870.51 kW Via Ans 
. . EP _ SATS. oy 
(€) _ Propulsiveefficiency. 1, ripe, 5217.04 x 
“= 74.19% Ans 
-“f) Overall efficiency Nyyerat =p xn, =0.2761x0.7419 


= 20.48 %:- Ans 


} 11.11 Rocket engine 

If the propulsion unit contains its own oxygen supply for combustion purposes, the 
system is known as rocket engine or rocket propulsion. A rocket engine works on same 
Principle as that of jet engine. i.e. the gases expands through the nozzles, and are accelerated 
to extremely high speed to exert a large reactive thrust on the rocket body (since every action 
has an equal and opposite reaction): In case of jet engine the oxygen required for combustion 
is taken from the atmosphere and fuel is stored whereas the rocket engine is non-breathing 
engine, the fuel and oxidizer both are contained in a propelling body. Hence, rocket engine, 
does not depend upon atmospheric air for the supply of the oxidant. Therefore, rocket engine 
can be operate at very high altitudes andeven in vacuum, The rocket engine is not suitable for 
low speed use. As compared to other Propulsion system, itis very li ghtin weight and powerful. 


11,12 Basic theory of operation of rocket engines _ [Nov 14] 


The rocket engine in its simplest form as shown in Fi g. 11.14 consists of rocket body 
with fuel tank and oxidizer tank, combustion chamber, Propellant feeding system and an 
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ex anding nozzle. The fuel ang oxidi 
propellants type rocket engine, fuel t 
oxygen. 


zer are commonly known as propellants. In the liquid 
‘ank contains alcohol and oxidizer tank contains liquid 


Atm. air 


| Direction of 
travel 


Rocket body 


Fuel tank 


Fuel supply f 
Hines... 


Oxidiser tank 


Propellant as 

feeding system 

Combustion » 

chamber 

High pressure 

hot gases 

' Bxpandirig 

nozzle... 
: , : Wings 

ws "Exhaust gases out)” 

at high velocity (p,,Cj, Ag ison 


sil s 4947 
Pea 


Fig. 11.15 Rocket Engine 


Inthe combustion chamber, the fuel and oxidizér bum by electric means which produces 
high pressure combustion gases. The combustion gases than passes through the convergent - 
divergent nozzle in which pressure energy of gases is converted into kinetic energy. These high 
velocity (supersonic) gases going out of the nozzle produce the thrust and propel the rocket. 
Thrust : The thrust developed in a rocket engine is sum of thrust produced due to momentum 
(Kinetic energy) of exhaust gases and thrust produced due to pressure difference between 


atmospheric air and exhaust gases. 


Scanned with CamScanner 


558 
Thrust = [Momentum thrust] + [Pressure thrust] 


“= [(m, +m,)x(C, -C,)]+[(p; - p,)X Aj] 


where, m, = ‘mass flow rate of oxidizer supplied, kg/s 


m ¢ = mass flow rate of fuel supplied, kg/s 


C; =exit or jet velocity relative to aircraft m/s 


Thermal Engineering 


C; =entry velocity of oxidizer relative to aircraft, m/s 


P ; =exhaust jet pressure, N/m? 
Pq = atmospheric air pressure, N/m? 


= 2 
Aj= exit jet area, m?, 


wi 


For rocket engine, the oxidizer and fuel stored within ie rocket itself, hence entry velocity of 


oxidizer relative to aircraft C. 0. 


“T=m,Cj 


where, m, =m, +m, =mass of elie i 


Cie = effective jet velocity =C jt 


Pj- 
a oy 


j 


From above equation it is clear that the thrust of rocket engine is independent of aircraft 


velocity. The nozzle exit pressure P ; ij remains constant, Therefore, the thrust increases with 


altitude as p, decreases upto certain altitude, After certain altitude p, remains constant, 


hence thrust becomes constant. 


Thrust Power : The power developed from thrust of the engine is called thrust power 
T.P. = Thrust x Aircraft velocity = TXC, 


(11:28) 


| 
| 
i 
| 


Specific impulse : It is ratio of thrust developed to weight of propellant which passes through 


the rocket engine. 
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€ 
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det Propulsion “or ans 
Propulsive power ; = : Ponce 559 
Isi 2 ETRE 
“us se oF eg Teast Power'+Power loss in exhaust ne omuel zvtiupar it U1) 
. na Ower lost : 
Aiveiey © 19/0= TPA Bog pond iad pak face y oan 


1 
=T.P +— , r font ¢¢ 
amc; ~ Cy Mitts gone veion vines ) 


NOD +2 
=m. C..* 1 
pie Ca +5 mp(Cj~Cqy? ‘ 
=m,Cj,°C ele e2yl Nah 
ROE , gi 12 P od. 2p a mp j&a 
Neglecting pressure thrust, Cie =C; was ki . 


1.30) 


Propulsive efficiency : It is ratio of thrust power to propulsive power 
P  Propulsive power this 5 iad i 
ft 
- he fesdteentn gst 0 
Neglecting pressure thrust, we get z, , 
meat * iar 


Rockets or rouket engines are commonly used to take the space vehicle outside the earth’s 
atmosphere, to launch artificial satellites in the space:Itis also used for fireworks and weaponry 


} 


enjection seats. : . 
Advantages and disadvantages of rocket engines : 
Advantages : P:QETb=oitslouteaia = 

ir-breathing engine, hence it does not depend on 


(1) It is self contained, and non-al 
atmospheric air condition. . 

(2) The thrust produced by rocket engine is increased with altitude and after certajn 
altitude it remains constant. oe rival, 

(3) Rockets are highly efficient at very high speed (about Mach No. > 5) . 

(4) Rocket engine develops high thrust per unit area. Thrust to weightratio is over 100. 

(5) Rockets can be operate in vacuum. 1 
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Disadvantages ; ” or ar ue 
(1) Itrequires large amount of propellant (fuel and oxidizer) and has very low specific 


impulse. isky 


(2) The oxidizer and fuel tank are within the episliat body, makes rocket a very ri 


vehicle. é 
(3). Rockets are extremely noisy space vehicle. STs, 
(4) Itoffers extreme thermal stresses of combustion chamber. 


Solution : Given data : Distance travelled =250km;:C,)’= 180 m/s, T= 2700N: Temperature’ 
rise in CC = 850°C, ™ y= 450 kg during 250 km journey, Cy’ = 43,000 ki/kg, A/F = ?, 


Ci =2 Cc, -C, atlas or = 1.05 kifkg K 
For: ene chamber ‘ 


Heat supplied = eines | : 
“mp XCV =(m, +m, )C,AT sad ari om eg onto: 


=2, 7) =7, p= 


uOVm sore[Zesile, AT us Ms F 
Mp . 5 : , 


piracy ss nccei sis ccf ihsblien deeneatimerestces 
my aot 


f = Air-fuel ratio = 47.18 : 1 

Me ‘ Abs (uty, POW Uhl tipInas thes eat 

NG GutSeiseo f flight x Distance travelled jo). 6) yo sey joy ae 
; Average speed _ srt cancer tl sbatile 


-250x10° poe ageing 
Pian ay (| scdziwiia agen Uk 
a 88.89 second ir30 Ad Heaviest 4 
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i 450 
el consumption persecond m, =————_ = 
Fu i = Tagg gp = 0-324kels 


: =| 7a 
Airflow rate mg [ ms } 0.324 = 15.28 kg/s 
Now, Thrust T = (mq + mf )C ; —m,C, 


2. 2700 = (15.28 + 0.324)C , ~15.28%180 


ae j= 348.15 m/s (relative velocity) ant 


1 C; ~Cq = 349.15 — 180 = 169.15 mis (absolute velocity) 


The equation of state for exhaust gases 


eT '; = temperature of exhaust gases = ae 
: : Rm, 


put V =d?xC; = *03) 349.15 = 24.68? | s 
4 


Ans - 


5 Pe 
0.9x10° 24.68 _ soe 9g x Ames 


__0.9x10" x 24.68 _ 
Tj = 397% (15.28 + 0.324) 


Now, propulsive efficiency 


\ 115~180 |x180 
2 2x{ (I i an)? = 51.13% 


; [+ aig oes” — 180 
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_ ait 
Overall efficiency of unit 0 
1+ |c,-c, Inc ght 
2 + my a] a a ie fe 
No a my Vv eff 
. a y 
(ii, 
leg x (349.15) ~180 180 3 ov 
= ( 3) 5 = 3.48 % : Ans tA} 
i= 7g) 43,000 x10 1a yah 
: 4 p 
p! 
cl 
: : ; is 
11.1 . Whatis the principle of jet propulsion ? Explain turboprop engine. 4 
11.2 State advantages and disadvantages of jet propulsion. AL 
11.3. Write short note on Ram jet engine. iI. F 
11.4 Write short note on Turbojet engine. 
11.5 Drawroughsketch showing pressure, temperature and velocity distribution in turbojet i 
engine. Explain turbojet engine with after bumer. | 
11.6 Explain ramjet with T-s diagram. ( 
1 
2 
11.7 Show that the propulsive efficiency of turbojet is given by 7 “ire, 1¢, where, 
Cpe =jet velocity, C_ =aircraft velocity. Why propulsive efficiency in the neighborhood 
of 100% is not ceed ? 
11.8 With the aid of neat diagram explain the working of ramjet engine. What are it merits, Ws 


demerits and applications ? 
11.9 Explain working difference between propeller jet, turbojet and turboprop. 
11,10 Compare and differentiate the jet propulsion and rocket propulsion engine. 
11.11 Explain basic working principle of rocket engine, 
11.12 State the difference between air breathing and non-air breathing engines. 


Unsolved Numerical Problems 


11.1 An air plane is propelled by turbojet engine. The flight speed at 1200 m altitudes 
220 m/s. The turbojet takes air at 0.25 bar pressure and -50°C temperature. Tht 
pressure of air after compression is 3.5 bar and the temperature at inlet of turbine’ 
1000°C. The propulsive efficiency is 50%. Assume isentropic compression in compress 
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and diffuser. Also neglec _— | 
Slect the mass of fuel supplied. Calculate (i) Exit velocity of jet and —— 


(ji) Thermal efficiency of th : 
e system. Take Cp = 1.005 kifkg K, y= 1.4 for air. 


pact : [Ans : (i) 660 m/s, (ii) 24.2%] 
11.2 A turbojet engine propelled air plane flying atan altitude of 10,000 m-with ses 800 km/ 


1. The density of ai : : 

nly The ealonific valet fel pectively. The overall efficiency of the turbine plant is 
ds , of fuel is 45,500 kJ/kg. Calculate (i) absolute velocit of the jet, 

(ii) volume of air compressed per minute, (iii) diam no penne hip J 
output of unit. ; eter of jet, (iv) air fuel ratio, (v) power 
[Ans : (1) 632.27 m/s, (ii) 5667.71 m*/min, (iii) 0.436 m, (iv) 54.5 1, (v) 2649.57 KW] 
11.3 Air enters a turbojet engine at 0.8 bar, -32°C and an inlet velocity of 275 m/s. The 
pressure ratio across the compressor is 8. Theturbine inlet temperature is 920°C and the 
pressure at the nozzle exit is 0.8 bar. The work developed by the turbine equals the 
compressor work input. The diffuser, compressor, turbine and nozzle processes are 


isentropic. Determine the nozzle exit velocity of gases. Assume no pressure drop in 
combustion chamber. 


t [Ans : 893.33 m/s] 
11.4 Inajet propulsion unit air is drawn into the rotary compressor at 12°C and 1I'bar and 


delivered at 4 bar. The isentropic efficiency of compression is 82%. After delivery the air 
is heated at constant pressure until the temperature reaches 800°C. The air then passes 
_ through a turbine unit which drives the compressor only and has an isentropic efficiency 
of 80% before passing through the nozzle and expanding to atmospheric pressure of 1 
bar with an efficiency 90%. Neglect mass increase due to the weight of fuel and effect of 
the velocity of approach. : 
Calculate : (i) the power required to drive the compressor. (ii) the air fuel ratioif the fuel 
has acalorific value of 42500 kJ/kg. (iii) the thrust per kg of air per second. me 
Takey = 1.4 and R= 0.287 kJ/kg K for air and gases... —" 
[Ans: (i) 169.67 kW/kg of air per second, (ii) 67.34: 1, ii) 5 14.9 Nikg of air per sec.] 
115 A turbojet engine takes 50 kg/sec of air and propels an aircraft with uniform flight speed : 
of 900 km/hr, Isentropic enthalpy change for nozzle is 182 kJ/kg and its efficiency is 
- 0.92. The air fuel ratio 70: 1. The combustion efficiency is 95% and calorific value of fuel 
is 46,000 kJ/kg. Calculate (i) thermal efficiency of engine, (i) fuel flow in kg/s and thrust 
specific fuel consumption, (iii) propulsive power in kW, (iv) thrust power in kW, (v) 
si rall efficiencies. ey 
aes mae (ii) 0.71 kg/s, 4.28 x 105 kg/N of thrust/sec; (iii) 6835.74 kW, 
sais (iv) 4171.5 kW, (v) 61%, 12:7%] 
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: Objective type. questions a 
« 
1. Ajetengine is . ; « 
(a) air-breathing engine (b) non-air-breathin ig engine ee ju: , 
| (©) carries own oxidizer (d) works in vacuum : eG 
2... Ajetengine has { ¢ 
(a) propeller at front (b) propeller at back 
(c) propeller on top (c)no propeller 
3. Which of the following is not advantages of jet engine ? : i 


1! (a) Specific weight of engine is 1/4th to 1/2th that of Le. engine. i 
_ (6) Thrust produced by engine does not depead on altitude. 
(c) Thermal efficiency is greater than rocket engine 


(d) none of these 

4... The efficiency of ajet engine is higher at : 
(a).low speed. ‘ (b) low altitude 
(c) high speed (d)high altitude 


5. :Which of the following is not correct with reference to jet propulsion 1 


Thrust power 


: iveeffici = i 
(a) Propulsive efficiency, Propulsive awe 


Propulsive power ‘ 


Th ffici = ; 
Ro itbsemeletfigeney Heat supply rate ° 


Thrust power ti 


(c) Overall efficiency = Hieat“sujiply "rai 


(d) none of these above = , 
6. Aturbo-prop is preferred to a turbojet engine because : ; 
(a) itcan fly at high altitude (b) itcan fly at high speed _ 
_  (c)ithas high power for take-off (d)ithashigh propulsive efficiency at high speed 
7. Ajetengine uses oxygen for combustion of its fuel from es 


(a) oxidizer ; (b) surrounding air 

(c) propellent (d) none of these above 
8. Arocketengine uses oxygen for combustion of its fuel from 

(a) oxidizer ‘ck (b) surrounding air 

(c) propellent (d) none of these above 


9. Which of following statement is not correct with reference to ramjet ? 
(a) At low speed fuel comsumption is high. 
(b) Thrust developed at high altitude is reduced 
(c) It can be operated under the static condition. 
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Jet Propulsion - 
(d) It does not have any moving parts. 

10. Inaturbojet engine the diffuseris fitted at 
(a) after compressor (b) before turbine 
(c) after turbine (d) nose 

11. Arocket engine can be propelled to space because 

" (a) itis not air breathing engine (b) it produces very high thrust 

(c)ithas high propulsive efficiency _@) none of the above 


Answers 


1.(a) 2.(c) 3.6) 4.(b) 5d) 6(C) 7.(b) 8@) 9%) 10.) 11.) 
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12.1 Introduction 
12.2 Load curves 

12.3 Load duration curves" 

12.4 Terms and definitions 

12.5 Importance of Load factor and diversity factor 

12.6 Base load and peak load power plants . 

12.7 Economic. load sharing between base load and peak load power stations 
12.8 Cost of power plant 

12.9 Performance and operating characteristics of power plant 


- 12.10 Tariff for electric energy 


12.1 Introduction 


In all fields of industrial production, economics plays an important role. In power 
plant engineering, economics of power system use certain well established techniques for 
choosing the. most suitable system. The power plant design must be made on the basis 
of most economical condition and not on the most efficient condition as the profit is the 
main basis in the design of the plant and its effectiveness is measured financially. The main 
purpose of design and operation of the plant is to bring the cost of energy produced to 
minimum. Among many factors, the efficiency of the plant,is one of the factors that 
determines the energy cost. In majority of cases, unfortunately, the most thermally efficient 


plant is not economic one. 


12.2 Load curves 


The load on power plants will always be changing with time and will not be 
constant because consumer of electric power will use the power as and when required. 

Load curve is graphical_re resentation between load in kW and time. It 
shows variation of load on the power station. If the time is in hours then the load 
curve is known as daily load curve. If the time is in days, the load curve is known 
as monthly load curve and if the. time is in months, the load curve is known as 
yearly or annual load curve. ; 

The daily load curve will be different for different type of consumers and different 


localities. These load curves may show different pattern during summer, winter and rainy 


season. 


Few daily | 
urban traction are shown in Fig. 12.1. 


oad curves for industrial, commercial, domestic, street lighting and 
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Winter 


1224 6 8 10122 4 6 8 1012 
, A.M. P.M. 


Load 
Load 


122 4 6810122 4 6 8 10 12 
AM. P.M. 


i h 
Time (hours) Time (hours) 


(a) Residential load curve (b) Street lighting load curve 


Winter and 


Winter and summer summer 


Load 


Load 


122 4 6 8 1012 2 4°6 8 1012 122 4 6810122 4.6 81012 
AM. PM. : AM. PM. 
Time (hours) : : Time (hours) 
(c) Industrial load curve ~~ @) Urban traction load curve 


Winter and 
summer 


Load 


122 4 6 8101224 


6 8 1012 
P.M. 


Time (hours) 


(e) Commercial loads of shops, hospitals, offices etc. 
Fig. 12.1 Load curves of different customers 


ah 
wa 
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The combined dai} 68) 
; : 

and the approximated bhfan ge he for all types of consumers is shown in Fig. 12.2(a) 

called demand curves, Simplicity is shown in Fig. 12.2(b). These curves are 


Peak load 


Peak load period 


Average load 


122 4 6 810122 4 6 8 1012 
‘ P.M. 


122 4 6 810122 4 6 8 1012 
AM. P.M. 


A.M. 2 
e ; 
ime (hours) Time (hours) 
(a) Total load curve (actual) ° (b) Theoretical load curve 


; Fig. 12.2 Daily load curve for all types of consumers. 
Following information is available from load curves : ; 
(1) The areas under the load curve represents the energy generated in the period 
considered. 
The energy consumption of the customer is given by an expression, 


24 
E=f (kW)dt 


0 
if the load curve is drawn on hourly basis. 
_- where, ¢ is time in hours. 

(2) The area under the curve divided by the total number of hours gives the average load 
on the power station. The peak load indicated by the load curve represents the - 
maximum demand on the power station. 

: Load-curves give full information about the incoming load and help to decide the 

installed capacity of the power station and to decide the economical sizes of various 

generating units. They also help to estima 
operating schedule of the power station. 

12.3 Load duration curves 

Load duration curve is simply a re-arrangement of daily load.curve with 


loads set up in descending order of magnitude. The areas under the load duration 
curve and corresponding load curve are equal and measure kWh of energy of that 


ie rve indicates for how. many hours a certain load is required 


The load duration cu : 
in a day, To get the load duration curve from chronological load curve, we cut the daily 


te the generating cost and to decide the 
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faa aie Se aa ae i ing order. The 
joad curve into many many vertical strips and then arrange them “ eae Aeasitecl 
graphical method for constructing Joad duration curve from the loa 


as shown in Fig. 12.3. 


d : e 
Peanaen Load duration 
% curve 
s kW, Ss 
% —! 
me KW yg 
g 8 
3 kW ra 


bdo 810122 4 6 8 1012 122 4 6 810122 4 6 8 1012 
AM. P.M. 


AM. P.M. 
Time (hours) Time (hours) 
(a) Load curve (b) Load duration curve 


Fig. 12.3 Load curve and load duration curves 

The. base of the load duration curve represents the total time span ¢.g. 24 hours. 
The peak load on chronological curve is then plotted as a point at 0 hour on load 
duration curve. At load ordinate ‘kW,’ the intercept ‘b,’ of load curve is plotted as time 
ordinate ‘b,’ on the load duration curve as shown. At load ordinate ‘kW,’ on load curve 
the intercepts by and b3 are plotted on load duration curve as b2 + by and so on. At 
minimum load Ag the intercept covers the entire period of 24 hours. The locus of all the 
points A,, A, etc. represents the daily load duration curve. - : 
12.4 Terms and definitions 


(1) Connected load 


[Dec. 13, June *11, Dec. 11] | 
Connected load is the sum of ratings in kilowatts (kW) of equipment. 


installed in the consumer’s premises. The connected loads in the premises of a 
MISES. _ 


consumer are shown in Fig. 12.4. 


Tube light Tube light o) & calle 
(40W) Heater TV. (40W) CLP - |). toning 


OF 
(1000W) ow) (ow) —G00W) (a5wy i 


(60W) 
Fig. 12.4 Load in a consumer’s premises 
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‘Total | 5 
. a the consumer’s premises % 
(2) Demand : + 60 + 40 + 20 + 500 + 25 4 60 = 1745 W 


: $71 


oad at the same time. Maximum demand of a power 


station is the maximum load on the Power station in a given period. 


(4) Demand factor : : 
It is defined as the ratio of maximum: demand to connected load. 
(5) Average load [Dec. 713, June ’11, Dec. *11] 
rer" Consider load curve shown in Fig. 12.5. The average load is calculated 
dividing the area under the load curve (energy in kWh) by the time period (24 
hours) considered to draw the load curve. » ; 


Area under load curve _ Energy consumed in 24 hours 


. Average load = 
24. = 24 


(wa 


renlee sere 
Peak load|:, © 


4 6 8 10 12 


my 2 4 6 8 10 12 2 é 
P.M. 
AM. Time (hours) |. 

Fig. 12.5 Load curve -_ 


Number of units consumed per day are equal to the area under the daily loa 


his y average load and yearly. average load can be calculated 


Similarly, the monthl 
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i tively. 
with the help of maonthly and yearly load curves ee wie eds Tees thy 
eames load to maximum or peak load. Load factors 


It is defined as the-ratio of average sane 
rs are always less than unity. Load fac n 
oS par ee per iat The higher the load factor the lesser will 
generation per unit for the same maximum demand. 
Average load 
Maximum load 
The load factor:can also be given by 
_. Total energy consumption in 24 hours 

cus A Peak load x24. 


Load factors for different types of consumers are as follows : 
(a) Residential.load — 40-15% 
(b) Commercial load + 25-30% 
(c) Municipal load 25% 
(d) Industrial load 
-(i) Small scale industries 30-50% 
(ii) Medium size industries: © 55-60% 
ii) Heavy industries 70-80% : 
(7) Diversity factor : : [Dec. 713, June °11, Dec. *11] 
The power plant supplies generated power to different types of consumers like 
domestic, industrial, commercial, agricultural etc. through a network of substations, 
feeders, transformers etc: The maximum demand of each connected load is different and 


play an important part on 
be the cost of 


.. Load factor,= 


it occurs at different times. 


In order to understand this concept, let us consider a small power plant which 
is required to meet the following load demands : : 
—.. Load Time Maximum demand 
(i) Domestic load 0600 to 2200 Hrs 4000 kW 
(ii) Industrial load 0900 ‘to 1700 Hrs 8000 ky 


(iii) Agricultural load —__2300 to 0600 Hrs 5000 kW 


From the above table, 
- tony pies load of group = 4000 + 8000 + 5000°= 17000 kW 
en bo! ie dome i i i i 
Locate seams st ri loads are to be met with, maximum demand 
“, The maximum demand at any point during the day 
= 4000 + 8000 = 12000 kw ‘ 

The diversity factor is the ratio of the sum of the maximum demands of the 

individual consumers and the simultaneous maximum demand of the' whole group 
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“Diversity factor = Sum of individual maximum demands 


In the above example, oe meeicaum demand at a given time 
Diversity factor is always de 8t Sac is (17000/12000) i.e. 1.4167. 
4 ar eo as sae : — (Dec. 713, June 711, Dec. 11) 
to the maximum p nee psc! ae energy oradced jn kilowatt hours ( kWh) 
perio dL. ; at could have been produced during the same 


«, Plant capacity factor 4 _Average load x 24.. ; 


Plant capacity x 24 
_ Average load — Peak load x Load factor 
Plant capacity Plant capacity 


The difference between load and plant capacity factors is an indication of 
reserve capacity. The capacity factor shows how ‘near the plant runs ‘to its full rating. 
_ if the rated capacity of the plant is equal to the peak load, then the load factor 
and capacity factor will be numerically equal. : 
The high values of demand factor, load factor, diversity factor and capacity factor 
are always desirable for economic operation of the plant and to produce the energy at 


a cheaper rate. 
2 ‘ [Dec. °13, June ’11, Dec. 11) 


(9) Plant use factor : ih 
It is defined as the ratio of energy produced in a given time to the maximum 


possible energy that could have been produced during the actual number of hours 
the plant was in operation. It shows the extent to which the plant capacity is used to 


meet the peak demand. . , 
Annual energy produced 


Plant use factor ~ Capacity of plant XNo. of hours plant is in operation during year 


5 


_ E 
Ry 


where, E = Energy produced (kWh 


C = Capacity of the plant in kW 
ours the plant has been in operation. 


it. indicates the need for additional capacity of 


) in a given period. = 


t, = actual number of h 
As the use factor approaches 1, 


the plant. 


As shown i nt factors are indicated on the diagram. 


n Fig, 12.6 the differe 
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mtn Rome Bint nenme g 
Plant capacity if 
Use factor = speak toa 4 
: ant capaci 
mk { Peak load _______-----~ ¥ 


é ~ Average load 
Capacity fant Plant capacity 


_, Average load ° 
Load factor = Peak loa d af 


Time (hours) 
Fig. 12.6 Representation of different factors 
12.5 Importance of Load factor and diversity factor 


Importance of load factor and diversity factor in cost of power generation is 
described below. ; 
(1) Load factor : 
Load factor is the ratio of average load to maximum load on the power plant. 
The load factor will increase if the average load increases without the increase in 
maximum load. Thus, the total number of units of energy generated (kWh) at higher load 
factor would increase. But the annual fixed charges of power plant remains constant 
irrespective of total number of units of energy generated. Hence, the annual fixed charges 
per unit of energy generated would reduce with the increase in load factor. As a result 
the overall cost per unit of energy generated reduces. ; 


Overall cost per unit 
‘energy generated 


0 02°04 06 08 10 
Load factor 
Fig. 12.7 Effect of load factor on cost per unit 
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The effect of load f, ; 575 
‘act : 
in Fig. 12.7. ctor on overall cost per unit of energy generated is shown 


If the maximum | 
will increase. Thus, the ee plant reduces for the same average load, the load factor 
the improved load factor i ley sa would reduce to meet the demand. Therefore, 
‘ reduces the - tal anVestnent an eee ‘aie capacity of power plant. Hence, 
w load factor i indicati ; ' 

stant is not = Ate rob i indication of high cost of electric production as the power 
LauuEHOn! Goat OF the elect _Capacity for the whole period considered. For the low 
Pe ecity forthe reaxitmum ric energy, it is always desirable to run the plant to its full 
tra pluie (veny Highve period of operation to give high load factor. Therefore the base 
apacity) run at high load factor (nearly unity) and peak load plants 


are allowed to run at low load fac! 
® ee tors t j 
(2) Diversity factor o reduce the overall production cost. 


[May °13] 
The output power of a single power plant is subdivided and supplied to a group 


a a through many feeders from the sub-stations in order to meet their diverse . 


In order to understand the effect of diversity fac 


tor, let us consider Fig. 12.8. 
X - group of 
consumers 
Y - group of 
“| consumers 
Z - group of, 
consumers © 


Fig. 12.8 Maximum load demand by various group of consumers 


Maximum demand 1500kW 
between 09.00 to 15.00 hrs 


Maximum demand 1000kW 
between 09.00 to 12.00 hrs 


Maximum demand 1200KW 
between 12.00 to 02.00 hrs 


Sum of individual maximum demands 
Diversity factor “simultaneous maximum demands at given time 


™ 1500+1000+1200 _ 4g 
1500+1000t” ,; 

In second case when the maximum demand of Y group of consumers shifts from 
the period between 0900 to 1200 hrs. to 0300 to 0900 hrs with the same maximum 
demand of 1000 kW. In this case, the simultaneous maximum demand of group of 
consumers will come down to 1500 kW. Then, 


000 +1200 
; a 1500+! i 
New diversity factor — at S00" 2.4667 
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multaneous maximum demang 
as a result, the Capacity 


576 : : 

From new diversity factor, one can say that the si nee 
on the power station reduces with the increase in diversity +: reduces clberetg © 
of plant in kW to meet the load demand of the entire system 


reduces the capital investment on the plant installed. 


From the above, high diversity factor is always desirable for the economic a 
operation of the plant. ? 
12.6 Base load and peak load power plants “ 

The power plants work at different load factors. A typical load curve is shown 
in Fig. 12.9. ¢ 

oy fir 
| ar 


‘ Peak load 


Average load 
| 


: Power demand (kW) 


Base load: 


Time (hours) 


Fig. 12.9 Load curve 
(1) Base load power plants “ 
The power plants used to supply the load of the base Portion of the load 
curve are called base load power plants. Base load power plants run throughout the I 
year, are of large capacity and run at high load factors and-are highly efficient. The fixed 
"and semi-fixed cost of these plants is usually high. Thermal, nuclear and hydro plants are 
generally considered as base load plants. The requirements of a base load power plant 
are as follows : . : 
(1) Its operation cost should be low:as it-has to Operate most of the time. 
(2) It should be able to supply the load continuously, 
(3) Its maintenance Cost should be low, 
(2) Peak load power plants 
The power plants which supply the load o 
called peak load plants, They are for use duri i 


‘si i ; , engine and 
simple steam turbine plants, The requirement of a Peak load plant are as follows : 
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ern he ee ee 
(1) It should be capable ? 
| son 577 
(2) lis capital cost shout ne ate from cold conditions within: minimum time. 
(3) Its operating cost should be ee ib| : et 
possible. f 


Parallel operatio 
Mm of di 
fferent power stations and the’co-ordination of electricity 


eneration leads to consid 

derabl ing i i 

independent power stations. © saving in comparison. with the same, load. fed: by: 

12.7 Economic load i Y wi 
sharing between base load and peak load if er 


stations : 


Consider a j \ 
of Yulblied bya si apa load duration curve ‘shown in Fig.12.10.'The load to 
power plant and peak load power plant. It is possible to“ 


ind out the most economic load i ts of base load 
fi sh i i 
1 , faring between them if the operating cos' D 


LLL 


Load (kW) 


Time (hours) 


Fig. 12.10 Annual load duration’ citrve“* of mt ui 
Let Cy = Annual operating cost of base load plant (Rs/KW) 9, on BSE 
i-* ¢3'= Annual operating cost of peak load plant (Rs./kW) swag fo eo 
A, = Fixed cost,of base!load plant (RsJKW) 275) 2 aiaviann J 
B= Variable cost of base load plant (Rs/kWh) 
anls, Ap /and-By are the corresponding valuesiof:peak load plants Ses 
L. = Peak load on base load plant » uniwollot on) eabulant lee ait 


17% 
Seer 


1’= Peak load on the systems) 
B = Base load on the system’. av (vi) 3 
U = Total number of unit (kWh) generated: ' "1" geet 
U, = Total number of unit generated by baseload plant.(kWh):" 
Assuming A, > Aj.and By:< Byzi foviqae ont 0 aay) 5 mgytsion dat 
Annual operating cost of base load plant 

‘ C, = Ay kW + By kWh - ~ e 


ir tn Cp= Aky t BU o! pid wt to} 


pened to kek 
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4 Annual operating ‘cost of peak Toad plant, 3 n aie TT: 
= Ay kW + By kWh ae “es 

isis pace ee. a ; 

Total!arinual cost'of power generation!’ C, "' ” 

re Cy Ey a 

ee ae + BUs HTL Te) BW — U,)) 

=(A, AL, + (By dacbay mig 

Now: for minimum ‘cost SE, Se a 

bit “ac * rho 


sis OU 5-2 
This gives, 0 = (A, — A,) + (B, ay 


run for By —B, hours in.one year. 


12.8 Cost of power plant 


The cost analysis of power + plant iicludes fixed cost and running cost.;! 
(1) Fixed cost D sly Goof ead te 3 sear ldiita f= 
The fixed cost is thel capital asian Al 
This cost includes the following : } 
(i) Land cost ii) Builiingiee cost)! 4) 
(iii) Equipment cost (iv) Installation cost anit 
(v) cost of transmission and distribution lines. /! 
(vi) cost of planning and’ designing the plant © 
(vii) depreciation cost, interest on the capital invtstedti insurance, etc. 
() Land building and equipment cost : itt » lees 4 oo [Et } 
Cost of the land and building will depend upon the location of the oe if ite % 
plant is situated near the cities, the land will be costlier than the case if it is located away 
from the cities. The cost of the equipment or the plant, investment Costis usually | © 
expressed on the basis of kW capacity installed. 
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) Interest 
All enterpri 


ses need i : oH 
a tcgh bots and th aed of money and this money may be obtainedas 
me Sa aeaRUAE peri res, oF from owners of personal funds. The interest on the 
ane apcnereny: i ate because otherwise if the same amount was not 
, ould have earned an annual interest. A sui 
‘ . A suitable rate of 
terest must be considered on the capital invested. 


ii) Depreciation cost : (vr 


Depreciation Accounts for the deterioration of the equipment and decrease in its / 
alue due to corrosion, weathering, ahd wear and tear with use. It also covers the 
Tease value of equipment due to obsolescence. It is required to’ replace the 
nerating plant machinery after its expiry of useful life. Therefore, a certain amount is 
pt aside every year from the income of the plant to enable the replacement of plant 
t the end of its useful life. This amount is called depreciation amount. 
The following methods are used to calculate the depreciation cost : 
(a) Straight line method KI ae 
(b) Sinking fund method ° '. 
(c) Diminishing value method fi a 
Let P= Initial cost of plant . ee As ee 
S = Salvage value at the end of the plant life. 
n = Plant life in years : 
r= Annual rate of interest on the invested capital 
A = The amount to be kept aside per year as depreciation amount 
fa) Straight line method : _ "thon yethes¢ gavittals 
It is the simplest and commonly ‘used method:'In this ‘method, annual ‘amount t 


ye set aside is calculated by using straight line law. ab Ton 


$233 rictedi cua 3) 


on 


4 


wagons Yo #5, LAD) 


n is uniform throughout the life of the 
uipment. The depreciation amount is independent on the rate of interest it may draw. 


In this method, the amount act aside per year consists of annual installments and 
e interest earned on all the installments. een ; ; 
Depreciation amount set aside at the end of first year = A 
Depreciation amount at the end of second year, = A +.interest on A 
‘ “szA+Ar=A(l +7 

Depreciation amount at the end of third year 

= A(1 + 7)’+ interest on AQ +r) 

= AQ +'n'+ AG '+ nr = ACL + re 


Ara i 
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», Amount at the end of nth year = A(L +n"! 

Total amount accumulated in n years : 
= Sum of the amounts accumulated in n foe 


P- SH A+ A+ 1) HALEN? +. eee 


y= Al+d+r)+d+r)? +.. +0+n , 
( ie p-S= » 
Multiplying the above equation by (1 +r), we get 

ydtr) = Ald + r++)? +047)? $4040" 1 ip 
Subtracting equation (12.3) fora equation oe 4), we cae 


yr atG HY MA ie ages Sel ve ais til aloe 


ease ry ae 


(P-S) -( so" -1 
hil 


(c) Diminishing value method rariiomt anil tdeicné§ 

In this method the deterioration, in value of; sciitreaetl ae year to, year is 
into account and the amount of depreciation calculated upon. actual residual value for 
year. It thus, reduces for successive ‘years. 


of each successive years. 


Initial cost of the plant =P: Heuunagiyeh to ater ott boda 2ils 
Piepreitattoat a amount at the end of first year = Px Hig bral gaiiat 
I ie } i att 
Balance plant cost ies 1 Hani edt ths nid boris tesvill 
27100 100:p i faz Innorite eolisigate 


Depreciation amount at the end of second year, 


tal ce ee, 
ti 100). 100° 


Balance plant-cost at the end-of second year 
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100 }\ 100 
= (oo P 


laa 100 
‘Depreciation amount at the end of third 
ird year, 


fil mc Seite y: x 
. hace 100 100 


«. Depreciation amount at the end of nth year 


‘ring 
8 ; 


4 


«.(12.6) 


se eee Ne ais hyn vn te an 
i ini ; Teasing as the time passes but the maintenance 

charges increase. This is the disadvantages of this method. 

(iv) Insurance : " ; 

The costly equipment and the buildings must be insured for the fire risks, riots etc. 

A fixed SUDLAS set aside per year as insurance charges. The insurance charge depends 
upon the initial cost of the plant and the insurance coverage. 3 
(vy) Management cost : 4 

This includes the salaries of management, security and administrative staff, etc. 
working in the plant. This must be paid whether the plant is working or not. Therefore, 
this is included in fixed charges of the plant. — 

(2) Running cost : : ; 

“The running, cost of operating cost of the power plant includes the cost of fuel, 
cost of lubricating oil, direct labour cost, cooling water and number of consumable articles 
required. The wages required for supplying the above material are also included in the 
operating cost of the power plant. 

(i) Fuel cost :° this . ner kan eae ee 
Ina thermal power plant, fuel is the heaviest item of operating cost. The selection 

of the fuel and the maximum economy in its use are, therefore, very important 

consideration in thermal power plant design. The cost of fuel includes not only its price 


at the site of purchase but its transportation and handling cost also. 


(ii) Oil, Grease and Water cost : we - 
The cost of various consumables like oil, grease, etc. and water cost are also 
Proportional to the amount of power generated. These costs increase i an increase in 
life of the plant as the efficiency of the power plant decreases with the age. 
The total cost of power generated is the sum of fixed charges and operating 
charges, 


5) 
‘en 
ich 


nd 


’ 
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‘T2, 9 Pafomtancs and operating characteristics of T power plant 


The performance of generating power plants is compared by feat een 
efficiency over a period of time. The average efficiency of a power plant is id e ? 
of useful energy output to the total energy input during the period const rae ; 

The performance of a plant can be precisely represented by the -output 
curve from the tests conducted on individual power plant. The a Curve 
graphical representation between the net energy output (L) and input (1). The input { ig 
generally expressed in MJ/h and load output'is expressed as me; 
to hydro-plant is measured is m>/s.of water. 

In general input-output may be represented as follows : 


T=a+bL+cl? +d 
where a, b, c, and d are constants. { k 
* Input-output curve : : Fig. 12. il@) shows an input-output curve. In order to keep 


plant in running condition at zero'load,'a certain input (J 9) is: required to-meet poe 
and heat losses. 


Ss © 
Ip om 
1 2Dddd (KWsD POG FY He 200 Bt 40 By Sad Ts 
* (a) Input-output curve a a “(b) Efficiency ‘curve 
o ag Fig. 12.11” : , 


¢ Efficiency curve : The efficiency of the power plant is defined-as a ratio 
output to. input. assti de tsehy oy tqrh te na 


a 
The efficiency curve is shown in Fig. 12.11(b). . a 
¢ Heat rate and incremental rate curves. .,... 
The heat rate is defi ned as the: input Per unit ouput 


Ik 
& Heat Rate (HR) = Twn 
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Q The heat rate curv. 
ep € is derived by taking at each load the ee ant input. 
a Pate a ay as shown in Fig 12.12. 
outpy e re ation between efficiency ‘and heat rate is given by 
“Ure 


¢ Incremental Rate (I.R.) is tei ed as ithe ratio of additional input (dI) required 
to increase the. additional output (aL). Therefore 


i : 
“nla stem AR dbase. toad at io agole oi ote 


This indicates that the area under the incremental raté curve gives the total input 
to the plant to increase the output from L, to Ly as shown in Hig. 12. 12. 
The total.input from no-load to full Joad i is given by’ ~~” 


atio 
; R= = at bbe ol di 
dL. eat is 


“This i is incremental os curve equation. 


vert ona atoll 


The ‘incremental load curve can be “considered a straight tine for relatively ait 


increase in output. This is not true for lar, 
curvature of the igremental rate CUIYE, . 


riay! Lato 


ge increment of load because of the' marked 


Py 3 it Wid. Ie -OQX it no, Dystab 2isetwenog adr o 
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: Incremental a 
Fe curve 2 
i) 

. 3 
2 y 
ze 5 
# q 
cy iD 
ie) its 
ly = 
I 


Li L2 Lin Why oe AL th 
Output, L —— 
Fig. 12.12 HR and IR curves. .;. 


urve at the 
From Fig. 12.12, it is evident that the IR curve crosses _ od eta 
lowest value of heat rate. The reason for this can be explained mh jem: 
below. as 
At minimum heat rate, the slope of the heat rate ‘curve must be zero. 


_a(HR)_dUiL)_y | 


yom oth webau somodi iad esingibnt aint ; 
ites dL © ~* aL ig ; 4 
7 F \ iid cf i! j 
Ldl'-1dL ; ue 
Jo — 204 pain at ie Vital 2. f | 
a Pe nice 
« Ldl -IdL=0 , * 
ad \ | | : 
“db L 


| 
TT be le ! 


« IR=HR When HR is minimum ae 

This equation indicates that the:heat'rate of continuous input- 
minimum when it equals the incremental rate. The incremental rate curve 
increasing characteristic, therefore two curves must cross at load 


output curve is 
has a continuous 

Ln When TR = AR. 
12,10 Tariff for electric energy navel 


The electricity generated is to be supplied to the consumers,’ the total cost of 
generation and profit as to be recovered from the consumers. The rates of energy sold 
to the consumers depend on the type of ccmsum 


ers as domestic, commercial and 
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jndustrial. The rates depend uy; 
consumer. The tariff (energy 
and profit etc. incurred in ge: 

The variou: 


ion thi SuncA aT 
ee z = cae consumed and the load factor of the 
} uld recover the fixed cost. i 
nerating the electrical energy. anes 


S types of tariffs cat i 
z=axtby+c in be derived ap the following general equation : . 
where z= Total amount of bi . : 
i. : ill for the period i 
x= Tissot deriand tae Pp considered. 
y = Energy consumed in kWh during the peri 
bs . ring the period i 
a= Rate-ver 16 of araxtmndi dem i z period considered. 
b= Energy rate of kWh. : 
c = Consta durj 
Wok ts ind : amount charged to the consumer during each billing period. This 
8 lependent of demand or total energy because_a consumer that i 
connected to the’line i : er that remains 
tee ncurs expenses even if he/she does not use energy. 
arious type of. tariffs are as follows : ae lz 
(1) Flat demand rate: ~._ ~ 
It is based on the connected load and fixed number of hours of-use per month 
or year. The Tate is expressed as a certain price per kW of connected load of the 
consumer. This energy rate eliminates the use of metering equipment. It is expressed by 
the expression : ai : 
z=ax otk (2) stint raAgol) Ss 
The variation in total cost and unit cost are shown in Fig. 12.13(a) 
(2) Straight line meter rate : HL tanh ELA ae 
According to this energy rate, the amount to be charged from the consumer 
depends upon the energy consumed in kWh which is recorded by a means of a kilowatt 
Seed ae a aint y cons oh m8 raed by 2 “a : 
hour meter. It is expressed in the fom” fae 
z=by « Sverre yadtqokh we Rise M1 (Bs 
1 The drawback of this system, the consumer using, no energy will no pay any 
amount although he/she has incurred some expenses to. the power. station. Secondly since 
the rate per kWh is fixed, this tariff does not encourage the consumer to use more. power. 
The variation of bill according to the variation of energy consumed is shown in Fig. 
12.13(b). 7 


(3) Block-Meté¥' rate ?°" 


In block-meter rate ‘method, different rates are charged for different blocks of 


; : : vty Bad 
ion. The size of the block will depend upon the size of the consuming body. 
apace rate will go on decreasing. This 


With increased consumption of electric energy, the unit 1 
the expression 


tariff is expressed by 
z=hy +b Yo +b3¥3,4 ++ 


<b, <h and’ y+ Yt ¥37- 


2 tal ener’ / consumption) 
where -b; y ‘(total energy 
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Total cost (z) ° 
Total cost @ = 
* Total cost (z) 


Energy consumed (y) 


al consumed ( 
\ Energy:¢ consumed (y) Lo ; Energy y) 


Mae 


@ Flatdermand rate (b) Straight meter rate een (2) Block meter rate 


=Total cost (z) : *s 
3 =Total cost (z)_~ 


"'Bnergy!consumed (y)' erent oie we 
(d) a rate (e) Doherty rate~ 
cj} 3200 I6IO) ti 


Arh 32 c el 
tp Fig. 'p. B "Boat pio of energy, 10tiB un oil ideisttA 


° The level of- Block’ vy ‘V9 Y3, 2 “and” sO" on is” decided by the ‘management, to 


: eel the ‘capital cost of the plant. The variation, of bill according to this method iis 
shown in Fig. 12.13(c). 

a Two-part tariff or Hopkinson demand rate : ' 

This rhethod of charging'was proposed by’ Dr’ ‘John Hopkinson i in 1892. Tn thi 

°“tariff the total charges tbe on Na maximum aoe and energy consumed. Iti 

F “expressed | as i 


rt 


Ook 


ot “rine ub lid is etsy all 
z= ax+by' sat li TOMBS I 


This method requires two metres to record the maximum demand and the energ 
_, consumption of the consumer. The variation of bill agpording to this method i is shown i 
Fig. 12.13(d). pe hike 
"(65), Three part tariff or Doherty rate: oe Peo Iqrigno 
This method of charging was proposed by Henry LL Doherty. According to ti 
tariff the consumer pays some fixed amount in addition to the charges for in fr 
demand and energy consumed. The fixed amount to be charged depends upon th! 
occasional increase in fuel price, rise,in wages of labour etc, Itis na tt 
expression. 
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is rapidly increased as 2 Rs. 


ores 
Prob 2: er sta 


Solution : Given data bai 
Peak load = 90 MW, capacity of ‘unit =20. MW. 
’ ti =, : 
Load factor = ?, use facie ef Fo aig ianeighin 
(i) The load curve is drawn in Fig. 12.14 nist 
. “Ved “OPS OO 


> imelT 


Load (MW) 


OTF F168 10212 (14116 18 20, 22 524s 
ae get) = Soy Time (hours). °. = 


Wx 
ret >t) wry = wey wey beige ron Cich 


ay ware Fig. 12.14. 

ted = Area under the load curve 
= 20 %6 +60%4 + 80X24 50X4+90%4 + 60% + 502 , 
= 1300 MWh iat wip thnt ie, us 


1300MWh. _ 54 1667: MW 
Average load a SH54168 


" Energy genera 


Pe the 


— 
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Load factor = Average load _ 54.1667 _ 9 6918 Ans 
% Peak load, -. 90. ob pio 
“«Gi) If the load above 70 MW is supplied by a standby unit of 20 
3 ‘energy generated by it : 
=10«2420x4 '='100 MWh oes 
Time during which the standby unit remains in operation 
= 2+ 4 (from the load curve) = 6h 


‘ 100MWh 
6 


MW capacity, the 


Average load = = 16.6667 MW 


Load tfaetoe<s Average load is 16.6667. = 0.8333 on 


peak load 20 


Ans 


Energy generated 


Die Rater Plant capacity’x operating hours 


oT 


100 x10" kWh 5 
= 0.8333 Ans 


20x 10° kW x6 h 


Solution : Given data fob 

Peak load =-25 MW, load factor = 0.45 | jue 

Average load : : 
peak load jel 


(i) Load factor = 


“9 


.. Average load'= Peak load x’ Load factor 
= 25 x 0.45°= 11.25 MW = 11.25103 kW Ans 
(ii) Energy supplied per year = Average load x (365 x 24) 
= 11.25'x 103. x 8760 kWh 
= 98.55 x 10° kWh 
ttt \._, Sum of individual maximum deman 
(iii) Diversity factor ~~ S taneous maximum ey 


= hatyre 
— ase ag leag 
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(iv) Demand factor = Maximum demand A epg? Pe 25 
Connect Fs lm 
og ee 104+8.54+5+4)5° (2810, Ss 


Solution : Rieck data 


= 1 i 
Peak fe 30 MW, load factor = 0.6, coal oenieste iS £2" Kew, coal cost 
sXe, SGM, ena Tevenue = ? Capacity. factor = u 


Average load HUES XFS] 


| load factor = 
iia peak load , Ixpeege AW? 


0.6 = Average load EXO 
130 DENG = 3 = = yotonl sen m6l9 
.. Average load = 78 MW CC.BN5 
Energy generated per year =. Average load’ x (365:X 24)": ASS WU) ie 
‘= 78 X 8760 = 683280 x 103; kWh Tit GIN 
Coal required per year = 683280 x: 103 x °1:2» Ay Wahl, otis 
= 819936000 kg. = 819936 tonnes mt 
Cost of coal per year = 819936 x 850 = Rs...696.9456\ x 10° 
Cost of energy sold = 683280 x 10° x 2 
= Rs. 1366.56 x 10° pic naviths cele 
(i) Revenue earned by. the power plant per year iio jus) oy 
= cost of energy sold — cost of coal per year . C= IN 
= Rs, 1366.56 x 10° — 696.9456 x 10° 
= Rs. 669.614 x 10° = Rs. 66.96 crore 


Average load ais: pic j 
(ii) Capacity factor = = Capacity of plant "17 770 70-4588 boone on Ans, 


hig Given Data : 


6. «Wh/year, Load factor = ?, Plant vse Hictoe = 9 
Energy produces = 800 x 10 
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Plant Capacity == ; 


= 50450 + 25 = 125 MWg ats qencieeit 
Average load = Energy produced per year ._ g00x10° 


365 x 24 8760 
= 91324.2 kW = 91.324 MW 
Load factor 22 Average load: ' 91.324 


‘Peak load (Max. Load) * 125 
= 0.7306 = 73.06 % : 


Ans 


Actual energy produced 
\ Max. possible energy which can be produce 
Miss, ‘poastble energy which can-be produced by the sail 
=2x50x7600 +1x25x2500 ‘ . 


= 822500 MWh =822.5x10° kWh 


Plane use factor = = d by the plant 


800x108 = OL Ags 


*, Plant use factor = @ = 0.9726 
822.5x10 


Solution : Given data : 


C.V. = 42 Mi/kg, fuel consumption = 0. 23 g/kWh, quantity ‘of fuel = 2, fuel cost = ?, 

n=? RE aE : 

rik E ¢ a3 38 od Fl . rte ° uf 
yacity factor ~ pb x, : ss 

Capacity fa P, xt 


a E = energy generated during'the month... \, ne eg 
= plant capacity, 
t= a tine in hours during the month. 
P; = 400:+ 400 + 150 = 950 kW. 


 ¢=30x24=720h 


1.0.55 = -, E-= 376200 kWh/month 


950X720 ° “ETL OOB = ganuiy 
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fuel consumption per month =0,23x376200 = 86526 ks 5 = 86: 525 tonnes 
fuel cost = 86.526 x 1200 = Rs, 103831.2/month | roranl 
Pverall efficiency = OUtPUt _ 9500.55 
Input (86526 
3600x720 
= 0.3727 = 37.27% 


on 


1010 ET YIioaqeo invite 


8 
i . Hours »..... wh 24x 365 = 8760 


Total energy generated per year ee, 
= Area under the curve AB = Area'(EDBC) +. 


= 8000%8760 += 8760 (60,000 ~80¢ 


=0.7008x108 +2.2776x10° 
=2.9784x10° kWh 


P.4 


i 


Average’ load 1 2.9784XI0%, "RANDOTKW. 2400 le gediuen Teuton ott 


; “ 4 919 
8760 ; a. 
Average load _ 34000 = 0.56667 
= ee { 
(i) Load factor Maximum demand 60000 a 
= 56.667 % 


Ans 
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“Energy generated/year..’ 


(ii) Ca : 
pacity f; te : 
y actor Plant capacity x)8760 5. = 


7 2.9784x108 
(25000 + 25000 + 20000) x 8760 
= 0.4857 = 48.57 % 


Solution : Given data 
Load factor = 0.75, Capacity factor = 0.60, Maximum ‘dem 
(a) The annual energy production : 


and'2'60 Mw!" 


Average load ek ia 
Peak load eg 
aoe load = 0.75 x 60 = 45 MW = 45000 kW! + 


. Annual energy produced = Average load x. (365 x 24) 
= 45000 x 8760-= 394.2x10° kWh 


(b) The reserve capacity over and above the peak load : 


We have, Load factor = 


Average ‘load 


We have, Annual benncity factor = Plarit capacity 


.. Plant capacity 66 = 75 MW34.= FA ovis oft gobae sot 


+, Reserve capacity over and above peak load... 3... | 
= Plant capacity — Peak load = 75 — 60 = = 15 MW 
(c) The hours during which the plant not in Service : 


OvVyg.s + “OLx800T 


a9 
x 0U08 = 


Energy generated per year 


Annual use factor = ‘UC ee eee eee 
Plantcapacityxt; ~ ; OLX #3dVO.8 = 


where t, is the actual number of hours of the year. Ree Which the. plant remains in 
operation. 


__ 394.2x10° "20.0 
725x108 xh (. Assuming annul tise factor = = 0, .6) 
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__394.2x10° 
75x10? x0.6 


. + Hours not in service = (365 x 24) — t, 
= 8760 — 8760 =.0h 


= 8760 h 


Solution : The maximum demand of the plant = 20 + 30 + 60 = 110 MW 
Since the overall diversity factor is 1.45, the maximum load of the system ; 


_ Sum of individual maximum demands 
‘Diversity factor, ‘2 = 


_S—> = 75.862. MW 

Max. domestic demand = 20 x 1.23 = 24.6 MW... 5 yy tse 
24.6 : 

=on9 = 35-143 MW *0 


Connected domestic loa 0.70 = © 28h 


30x1.20 
Similarly, connected commercial load = 088 7 40.909. MW ara 
60x1:30 Bo x BO 
Connected industrial load = =—90970.> 80. 4123 MW. rT, 


.. Total connected load of the plant = 35.143-+'40. 909 +-80.41230° © 
= 156.4643 MW . Ans 


M_PPE16 39 
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Solution : 
(i) Thermal power plant : . 
Capital cost = Rs. 5 x 400 crore = Rs. 2000 x ‘107 way 
Interest = 0.08 x 2000 x 107 = Rs. 160 x 107: aes xa 
Depreciation = 9.07 x 2000 x 107 = Rs, 140x107 . 
Annual fixed cost (interest + depreciation) |. 
= 160 «107 + 140 x,107 = Rs. 300% 107. 
Energy generated per year = iAverze load x (24 x 365), ' 
= Load factor x Maximum demand. x 3460 
= 0.75 x 400 x 103'x 8760 °“ 
= 262.8 x 107 kWh 
Running cost/kWh = (Operating cost/kWh) + (transmission and distribution, \cost/kWh) 


Svib 


= 50 + 3 = 53 paise, Be Susanah xa 


= DMBTTSS 2G. Abi 


Overall cost/kWh = fixed cost/kWh + rina costvkWh 


_Rs.300x107 peg bao! steam bolooano § 
Ae 70x +053 = Rs, LETS Ans 


262. axio” 


(ii) Hydraulic power plant:s\) = baol isioIemtoy bulssanos yhalinté 


Capital cost = Rs. 7 x 400 crore = Rs. 3800 x 107 
Interest = 0.06 x 2800 x 107 = Rs. 168 x fOAx0d 
Depreciation = 0.04 x 2800 X‘107 = Rs, 112x 107 


Annual fixed cost = ‘Interest + Depreciation: — ;.,, fq 941 to beol batsennog fs Ym 


= 168 x107 + 112 x 107 = =,Rs.280 x107 


Fixed cost/kWh = = Rs. 1,065 


262.8x107 I 
Running cost/kWh'="8 + 5 = 13 paise ° TS bey jive tee 


Overall cos/kWh = 1.065 + 0.13 = Rsi'1195°- ye 
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Rs.280x107 lie a lttlie of list odd iat aan 


Beunscamr 


iii) Nuclear power plant 


apital cost = Rs. 8 X 400 crore = Rs. 3 7 aie 
200 
- Interest = = 0.06 x 3200 x 107 = Rs.’ Re rs 10 


Bepepteciation = 0.06 x 3200 x 107 = .Rs.,192107 


Rs. 384x107 


Fixed cost/kWh = ; 
262,8x107 B® 1 Ael 
‘Running cosvkWh = 25 + 4 = 29 paise ; 
Overall cost/kKWh = 1.461 + 0.29 = Rs; 1.751 | Ans 


phienefors, the overall cost/kWh is minimum in case of hydraulic power plant. 


ost Load factor _ Average load x Capacity: of the plant 


Solution : 


Capacity factor ~ Maximum demand ’}.’ ¢ Average load * 
4 208) » bac og way ty ba 

0.65 _ 300 : 381 

0.60 Maximum'demand)' => °° 


{ 


-. Maximum demand = 276.923 MW 2" A HONS 
. Reserve capacity = Capacity of the, plant — Maximum, seed ) 
= 300 — 276.923 = 23.076 MW : Ans 


‘Average load = Load factor x maximum démand!X8+ ‘OLXST = 209 lauene Isto? 


=0,65X276.923= 180 MW 


Energy jp per year = Average load x..(24 x 365) (Wil 19q 1805 


= 180x 10° x8760 = sien kWh lat eel ac 


Net energy delivered = 0,94x1576.8x10%0) = oOExt00 =! 
= 1482.192-x10® kWh) = ney 19 byarhoan yyiontt 

Annual interest and depreciation (fixed cost). 

| = 0.12x20000x300%10° = Rs. =0x10° PR ae 
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“Total annual cost = Fixed cost + Running cost ; 
Seu a ef = EN 6 - 
= 720x108 +290x10° = Rs.1010x10" . « 
t ‘y 4 


Cost of power generation = 
; 1482.192x10° kWh 


= Rs, 0.681 or 68.1 paise | 


- [same as June 2012] 


peor Assuming the maximum demand equal to the oe of the power plant, 


Average load “© 
Maximum ‘demand ah a 


Load factor = 


‘Average load 
i; 01300. Te) acl saps : 
-. Average load = 165 MW: sted souendaa hy 

Energy peneratesl per year = peers) joad x 365 Xx 24), ¥ 


0.55 = 


20.0 
= 165x10?x8760 = 144.54xi07, Wha 0.0 
Interest and depreciation (fixed cost) yyy oe. atS = bare runtixsM 
. = 0.12x600%10"='Rs. pig * vod ont 
anh FIN Ov Oe = 
Total annual cost = AXIO" + 8x10 = ona. “0 ‘ 
£ O8} 
Rs. 80x10". ‘ 
Cost per kWh =—————-——" +. WA = 0 
144.5410 kWh = Rs ss . a4 
When the load factor is raised to 65% ee : 
Average load = 0,65x300 = 195 MW) tix b2.0= berevilsh yore 1 


Energy produced per year = 195102’ 8760 : 


t 


=170, g2x10" kWh | MOYES Dae Jessint | 


Total annual cost will remain the saméS" 9) = G1. «Oe xc QanaE C10 
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_ Rs. 80x10" 


Cost per KWh = = Rs- 
os 170.82x107 ~ RS 0468 


+, Saving in cost per kWh = 0.5534 — 0.468 = Rs. 0.0854 = 8,54 paise Ans 


Solution : The load curve and load duration curve have.been drawn in Fig. 12.16. 
Energy generated =40x6 +110x6+80X2+120x4+60x6 a 


= 1900 MWh =1900x103 kWh 


HGwk LY) 


3 
Average load — 1900x10" kw 
cc pes 
Maximum demand = 120x102 kW ea od, | 
' ; DO; 
___ Average load | } 
Load factor icin ened le 
1900x107. : boo le 
OA a. 0.6597 i o Ans 
24x120x 10 | 4 


on-¢ 
To supply the load two generating units each of 40 MW capacity and two 
generating units each of 20 MW capacity will be selected. One additional unit will be 
ept as standby. It capacity will be equal to 40 MW. ; , 

Load duration curve will indicate the operational schedule of ‘different generating 
its, which will be as follows : cena dentT’ 
(a) One unit of 40 MW will run for 24 hours t 
(b) Second unit of 20 MW will run for 18 hours . 5 ( 


(c) Third unit of 20 MW will run for 12 hours 
(d) Fourth unit of 40 MW will run for 10 ‘hours.’ 


Plant capacity =3x40+2x20 = 160 MW. 
. Energy generated, : 
Capacity factor ~ Capacityxoperating'time © 9 Sistas | 


1900x10° 
Sa aa 
160x10° x24 


= 0.4948 
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x  O-3~F-$_ 8 1012 14 16 18 20 22,24 
Time (hours) 
(a) Load curve 


giilisioney InnisO DTZ snpong, og 10 Tis a 


‘18°20 22> 24 
Time (hours). , 
is} 1 4 


nw WM O} 
(b) Load duration curve 
24 Fig. 12.16 
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, solution : Energy suppli ed per year to all three consumers 
’ = [(12000 x 0.2) + (7000x0.5) + (1000x0.3)] x8760 
= 6200 x 8760 kWh 
iy vt 0).073,00,000 A lea 
Operating charges i kWh = 6200x8760 = Rs. 0.1344 
=) 13.44 pride ed Fo} bemamon var 4 
Capital cost of the plant = 12000x20x 103 = Rs. 2:4x108 


Fixed charges per year =0.12x2. 4x108 = = Bs. = 2.8850? 


v= 


2.88% 10! < 
Fixed charges Det kW = ani Re AGO ae Sarr ty oleate 
£.120x10 440 yab toq {nu9 to « 


(a) For domestic consumers, Rb PEE = 
Total oer = Fixed charge + operating charge ; 
=1440x12x103 +0. I34ac12x10° x0. 28760: 
=.Rs. 20,105,625.6 
Rs. 20,105, 625.6 
0.2x12x10° x8760 kWh ‘ ; 
= Rs. 0.9563 or 95.63 paise x govails coreoTeh 4th (Ans, 
(b) For industrial consumers : 
Total charges — 1440x7x10° +0: 1344874103 x0: 5x8760- 
= Rs. 14,200,704 ; i de Fite 


Rs. 14,200,704: : ang gg Fe 463 ~ Ans 
ai Ne EES or aise 
Overall cost per kWh ~ - 0.5xX7x103 x8760_ a) P 


Overall cost per kWh. = 


a 
Ht , 
nl 


(c) For street lighting ‘iii 
Total charges = = 1440 1000+ 0. 1344.x 10000. 38760 
= Rs. 1,793,203.2 co vane, 20. looares 
_ Rs. 1,793,203.2 crt a 
= SS = = Rs. 0.6823 or 68.23 paise .. Ans 

Overall cost per kWh 0.3x1000x 8760 Rs. 0,6823 or 00.20 pals 
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Solution : Overall efficiency, {= QoPah ‘ 
Input. . 


If output is 1 kWh, then ’ PA 
1 soul) 
a0 (mieo83) kWh. Ogdt 
Input = 030 = 3, i) 


3,333%3600 k exci 
‘. Consumption of coal per ‘kWh = 36000. = 0.4615, s. Spica 
Energy consumed in 24 hours : 

Peak load x 24 7 ~ fj) 4Q0)L1 = 1m 


.. Energy consumed in kWh within 24 hours BERXCL.O S WY TH4 252 
=0.4x80x10? x 24 = 7168x10" kWh 


“3 aa 
“. Consumption of coal per day = = 1881004615, = 354, 432x102 kg ee 
= 354.432 tons veo Ans 


Load factor = 


Solution : Given data : 


STARS A 
8 ‘nd 
P=Rs. 2.8x10°,Si= T0022 x10°, = Rs. 22400,.r =-8% ='0.08, n = 15, 


Annual cost of the plant = ? 
Annual aiken fund payment a ie Plant i is given by-i.e2i. 


if (2. ser aan 008 ae 
seit La¥0.08)'>- en 


A=(P- sf 
(tr)" - =“ 


a AD GE 


zs 251600] 208 ae 948803 


Annual cost of the plant is given by 


= Annual sinking fund payment + Repair, maintenance, and labour costs 
+ chemical cost : 
= 9488.03 + 12000 + 10000 = Rs, 31488, 03 ; Ans 
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Solution : Given data ATA Ub { 
en capacity = 70 MW, Maxintim denen 100 MW, = 
he load curve for given data is shown in Fig. 12.17. A gait AN 


: oh il 10 70) 14 s6 
Time (hours) ,: fy es 
Fig. 12.17 
po bx Cir 008 = J 


(i) Load factor for power * station 
Energy generated per day, -«; 734 
E= mont soca Stet 


ry 
= 1610 MWh ‘610x10° kWh 


ot bl al xcl+00e = 3 ai = 

Average load “a = 67083 MW ncaa oy 
-. Load factor = = ota lent 0 7° 0.67083 | ie Ans 
(ii) Load factor for generator” A a Bree, Se — i a Heth 
Energy eee by generator, +r aleerey 

Area under the dotted curve ws 

ca ge 50x24 TOXA+SORD#TORAYTONA ASX2 : 

= 1370 MWh pees 5 


Scanned with CamScanner 


Bewnscamer 


¥ jineering 
" One ower Plant Engi Ig 
602 : Per , 


STONEY, Fe 
Average load ‘on generator = “34 = 57.0833 MW 
Maximum demand on generator = 70 Mw. 


: ’ Ans 
57.0833 _ 9 g155 i 


*. Load factor for generator = ; 
(iii) Energy purchased from grid per day, AE; 
AE = E-E, =1610-1370=240 MWh ota 
= 2405108 kWhseisb cousitxen! hy aavie iot aviue baol ¢ 

(iv) Plant use factor ‘ a 


D Ans 


3 i 
ste _ 137010" kWh = 0.8155 Ans 


Plant use ixtog (generator) = OR (70x 10° )x 24 


Solution : The daily load of power plant is given by -L=300+12t—t2 
We will take ¢ value as 0, 4,°8, 12, 16, 20, and 24. © 


0. L = 300°MW 

t=4, L=300+12x4~ 42 =332MW ie 

r= 8 b=300412x8- # =332Mw phpeneie 

t= 12, Le =300-+12x12 - “12 = 300MW,. 

t= 16, L'=300+12x16- ie: = 236MW 0 ie 

t =; 20, L=300+12x20~ 20? = 140MW r : 
ho t= 24, 40s 300+ 12%24- 24? = MW iotaKA bsod 
The load curve can be plotted as shown i in Fig. 12.18, Ree 
(i) Value of maximum load, : 2 Sal koto hac d 

Condition for maximum iad Point is given by ee OO Rea 

aL) _, dL) wa. bool oi sobry ser 

=0; _= —-2t= 
“dt di PAPER D 4 x08 cen Dx 7 
“t=6h i 


Ans 


Scanned with CamScanner 


geonomics of Power generation —. ' sane 
. Att=6h, the load is maximum 


+. Lipay, = 300+ 126-62 = 336 MW Ae 


332 336 332 


2 4 6 8 10 12 14 16 18''20 22° 24 


Time (hous 4 
* Fig. 12:18 © ats ‘ 
(ii) Plant load factor 
24 
Total energy produced i in MWh = =] G00 + 12 - t at 
0 


Ltt 28f = =2mx2-60%) Lae) 


< 


= 6048 MWh 


6048 
Average load Amal 252 MW ::: 
Average load 


Plant load factor a ati onl an & 
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A WH 


verage load = Maximum demand x Load factor 
= 1000 x 0.5 = 500 kW ‘ lors 3 
Energy required per year = 500 x. 8760 = 438 x10* kWh lus = 
i) Public suppl: 40 
Lee for Suis demand per year = 1000x 1000 = Rs. 100 ho 10 aa 
Interest and depreciation = 0.1x 200000 = Rs. 20,000 r hpi 
Energy cost per year = 0.9x 438x104 = Rs. 394.2x 10 poe 
Total cost = 100 x 10* + 20000 + 394.2x10# 
= Rs. 496.2 x 104) ya y 4 


Solu on: 


, 4 fewor) ont 
Average energy cost = pice ad = Rs..1.1328/kWh 
438x104 
(ii) Private supply 


“3x438x104 
1000 
Fuel cost = 1314 x 1000x3 = Rs, 3942000 
The maintenance and labour "charges, Pet year = 0.05 x 438 x104 
= Rs. 219000 
Interest and deprecistion = 0.12x 2500x 1000 = Rs. 3,00,000. 
Total cost =, 3942000.+;219000-+ 300000 = Rs. 4461000 


4461000 


Full consumption per year = = 1314 tons 


". Average energy cost = = Rs. 1.0185 


438x104 


As the average energy cost for oil engine ig less:th; whist ic § i 
engine generation is more preferable. han. the public supply, the oil 


Pn ys ee 


Scanned with CamScanner 
Beunscaner 


Solution : P,+B, = 300 Mw, PF, =300-P,. 


For economic loading of plant, the condition is that ° iia ' 


sd Wl 
dP. dP, I 


“0.065, +30 =0.075R, +25 « Ls 

“+ 0.065P, +30 =0,075(300—P,)+25 «2, | 

+ 0.065P, +0.075P, =300%0.075 +25 - 30. 

we O14P,=175 | fte at tinw ol 2 
P, =125 MW . : a 


P, = 300 - 125 = 175 MW bs + y “VO. 


Solution P, + P, =300 MW, P, =300-P, | 
For economic loading of plant, the condition i is tee 
(dF, _ dy secant aon 


@P,, <P, ha Lam ova Miho pela 4 


1 0.06P, +25 =0.075F, +20. writ © 
/0.06P, +25 =0.075(300-P,)+20 3} aA 


ra 3) 


».0.06P, +0.075P, = 0.075 x300 + 20 = 25 


2 0.135P, =17.5;  P, = 129.63 MW t —o dive 

P, = 300 — 129.63 = 170.37 MW 8 = 1"OLx sing 
(ii) If the load is equally shared by the unite, ie. Py = rhs 10 ONY, then the i increase 
in cost of fuel for unit a'is ‘given by! 12.040 7 { UNA ei Paras 
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150 
P, 
=| 0.0622: +252, 
-{ 006 9 + 8%a hio9.63 


- [20° 06 «59? - 129.63") + 25( 


150 109.6 


= 680.132 i.e. Rs. 680. 132 per hour 


The increase in cost for unit b is ; 
150 
= | (©.075h, +20)dP, opr Be 
170.37 


5 150 mes (ii) 
B ah italt 
lo. 075-4 + 207, | = ~652.1226, per hour -ba 
2 170.37 
that is, the cost of fuel for unit b decreases by Rs, 652. 1226 per flour Therefore, the 
net increase in fuel cost due to departure from economic distribution of load. 
es gr 132 — 652.1226 = Re. 28.01 per hour ‘ : Ans 


Solution : (i) Load at which efficiency, y is Reccinen 63 ‘ j ¥ 
“py L ile auras a 
VT teeta se 
4xlO°(B+OL+05L°) 


; 1 
.—_—_—_—_—_—_— es fy, ‘¢ 
6/ 8 ; 
4x10 [Z+s+051) nies a, 
AE yaad NT EI ‘ 4 =e : 
The efficiency is maximum when | 2. 2 Hin 
( z*6+051) 5 is minimap therefore, 
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= d itage ¥ ne 
+64 ‘ wig aie 

ee 0. st) “0 


8 : 
“ey POSH 8 40.87 29 


gconom 


“L = 4 MW = 4000 Kw ; 
= 4000 x 3600kJ/h. = 14.4x 106 kJ/h. : 


- Ans 
“1 =4x10°(8 +6x440,5x42) i 


=160x10° kW/h 


L_ 14.4x10° Oss A yeh ros 3 ‘ 1 
Nmax TF" ieoxinhe = = 0.09 or ‘9% : 


- nisng 
eXsl 


(ii) Increase-in input when L.= 5 MWiis, thereaeeas to L, = 7 MW. 
(1) By input-output curve method : 


ab\l 4 


\) 
1, -1 =4x10°18 + 6 +0.5L,7]- axial, 40.5171. 
2 ba 


= 4x10°[6(L, ~1,)+0.5(L7 ty les My ncnrane 


rh Sd THOS ayy WMA “OL, x BOR SS 
= 96x10° kJ/h vsaaiiksihe alti x Gadk tise’ ae Ans 
(2) By increment héat rate method'?? *\-"~ sii ats a aa 
=F =F rax106@+6L+052)) 
dL D1< O00 


191 { gy _oTtS bo mdtny boissons 
‘ ? ‘load, L=—— =6 
Average load, 2 


“ IR=4x10°(6 +1x6) = 48x10° ‘gn 
«. Total increase in input = JR x(L, -) : 
 aBx0®X(T-5)) 
612 96106 kJ . Ans 
This shows that increase in input required to increase, the given output in both 
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se 5 A ag 
See straight line for | N@ 
cases (1) and (2) above is same. It shows the IR curve can be taken aS ; ra 
small increase in load. 


Solution : 


(i) Heat input per day , AE anvuate 
The plant works for ¢, =18h at L = 50 MW and 
ty = (24-18) = 6h per day, L = 0 MW (no load) OOS ae as aft 
i wy 1 ri 
ie energy — E=18x50+ 6x0 = 900 0 MWh ; 
i osoter Wan Ab sensor | 
= 90010? *kWh i a : 
horian WvIwo IqIUN-TeGAt 


Total input, 7 = (sp) Xt, +1 Xt, Kiiday 


= 2x10°[6+6x50+0. $5502] x18 + 2x10. +6x0+6. "SKE ]x6 


6 6" ta *OL> 
= 5601610 +7210 : 
I = 56088 x 106 kJ/day ee am 
(ii) Saving in input per kWh : ial “OT.c2 
Average heat input per kWh of energy generated. n al 
ES ae a 
===> = 62320 ki/kwh ~ 
E 900x107 M 
If the same energy is generated within, 24 mathe average load is given by 
(t, = 24h) 4 
= ALL OLxeh = @x149)%0Ixhe Me 
Average load =—— = 37.5 MW (OXT+O)OIX b= Mo 


Hiaedesa: sis 
ARV = Juqnt ni seesoni lsc? 


Heat supplied per day at i load will be 


a [a lansXts= 2x0 16+ 6x37, 5+05X(37, 5)21x24 
1 SV PAAB38 810° -KIaay! PIWIE8R HIGH Ht aes Suttt we ‘ie 


if ’ 


' 
‘ 
' 


Scanned with CamScanner 


P onomies of Power generation / P| 
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ce een Pe Shy ded 56088 x 10° —4483gx10° 
=11250x10® kI/day 


I-1, _11250x10° 
ee er 1 
i t kWh =—— =—————  . 
ad aunts an AREY Bee E 900x102 = 12.5103 k/kWh Ans 


Solution : 

(i) First power plant ? 

. _ * Costof plant 15000 

Capital cost h =———_——_ = 
Pinan OST Per nowt Lifein hour 80000 


Maximum demand = 90 kW 
Charge for maximum demand perhour Re ‘ ee 
_ Maximum demand x Cost/kW of demand _ 90x150 \ 
Number of hours per year (8760 h) ») ='8760° f ‘ 


= Rs. 1.54 ; 
Energy charge per hour = Maximum demand x one hour x charge/kWh 
= 90x1x0.2 = Rs. 18 ) ind AN 
Total charges per hour of first plant To: SAL. maga basso) 
= 0.1875 + 1.54 + 18 = Rs. 19.7275 oe i wong in 
(ii) Second power plant: ey d vidtoors mamimh, 
30000 
Capital cost per hour = goq99 
Maximum demand = 60 kW 


='Rs. 0.1875 ct 


1s 


| {eorn] 
it ~ 


= Rs. 0.375 


(oy 


_60x150 
Charge for maximum demand per hour “3769 
= Rs. 12 


a 0274 + 12 = Rs. 13.4024 
Total energy charge per hour = 0375+ | ant per hour are less than the charges 


; i 
operation for the second plant per 2 ET 
ie “ae ie pr ait therefore the second unit is more economical in this case: 


= Rs, 1.0274 


Energy charge per hour = 60x1x0.2 


Dpeae an 
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west possible: If 
» consumption : 


Solution i 

(i) Monthly bill of the consumer : 

Demand charge per month = =5x80+5x60+4x40 = Rs. 860. . 
aie charge = Rs [200X1+1000x0. 9 +1800x0. 8] = = : Bs. 9540 aa 
*. Monthly bill = 860 + 2540 = Rs, 3400 1 ° Ans | 


3400 
Average unit energy cost = 3000 = Rs. 1.1333/kWh_« 


(ii) The lowest bill occurs when Ls sed is maximum which i is only possible a 100% 
load. 


*. Maximum load = ‘Avetage load | 1 002) ory oo Vio res 
Ener; 3000 ‘ Paes seeks 
=a agags olan days.=A-month ae 
= 4.1667 kW aieg ae 
- Demand charges = 4.1667 x 80 = Rs, 333. 336 re ee ya 
Boo charges will be same as Rs. 2540 : : i.e ; 
. Minimum monthly bill = 333.336 + 2540 = Rs. 2873,336 


‘ 2873. 
Unit energy charge for this condition = Z —~ 


= WON 


= Rel 0.9578/KWh Ans 


‘Solution ; Consider both diesel and steam power plant and let 
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economics of Power generation 
= P= Maximum load in kW; 

y = Load factor 

yerage load = P.y lincis ) palseets sini 

ost of steam power plant, ~ ob mi E11 

sixCy = Rs.(200X P +0.08x Px yX8760) 

ost of diesel power plant, 


in peben: cal 
1 11, = Rs.(10 P +0.1x Px yx 8760) 


s given in the problem. 
nit energy cost by Diesel = ‘Unit ater cost 0b) steam~ 


le Batconen 2 43 ped Siam wart bas ent 


Px yx8760,_ Px yx8760 


er 
F _ 10P +0. 1Py 8760 200P £0. nawlenke 

Px yx8760 Px yX8760 - 
.70P + 876Py = 200P +700. a 
“175. 2Py=130P- 
Gt. 130 
Dei isd? 7502: 


Bier! 


ml | 


= 0.742 nee : Ans 


_, Explain briefly the following : 
m0) Load curve, (ii) Load duration curve., 
12.2” What is the significance of load curves ? 
Define : Load factor, Diversity factor, and plant use factor, 

‘What do you tinderstand by load factor and capacity factor 2 When are they, 
~~ numerically equal ? ' : 

25 How is the load duration curve constructed ? 2" ' 
6’ Define the following terms : : ; 

, @) Peak load, (ii) Average | load, (iii) Plant capacity factor, (iv) ‘Connected load. 


i A ap 7 | ‘Discuss the effect of variation of load factor and ayer factor on the design of 
ing 
f a power plant. 
git 128 Wh a a. oli | vviderstand by. base load and ‘peak load. power planis 2 f) 
iV. i “Explain the method by which economic load ‘sharing between base load and peak 
|... load plants can be, determined... fat Uthat OF ver plant 
id J bk 12.10 Discuss the methods of meeting variable 0 power p 
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- stem. 
12.11 List the various costs which go to form the total cost of a Lcanieh sy 


12.12 Explain briefly the following : 
(i) Capital or fixed cost,, (ii) Operational cost. 

12.13 What do you mean by depreciation ? 

12.14 phen and pir id briefly various methods veel to calculate the depreciation 
cost. i 

12.15 Name the elements that make up the operating expenditure of a power plant, 

12.16 What do you mean by the eomabiin method of accumulating the money for the 
depreciation fund ? oh 

12.17 What is the significance of roersmnantal rate for a 2 gsi plant ? 

12.18 When does heat rate equal the incremental rate P 

12,19 Keeping in view the operating and fixed costs “ a power station, suggest some 
suitable tariffs. . 

12.20 What is the significance of two part tariff and three part tariff ?” 

12.21 What do you understand by the term tariff ? i : 


: Unsolved Numerical Problems 


12.1 A power station supplies the following loads to the consumers,; 
Time in hours 0-6 6-8 8-12 12-14 14-18 18-22 22-24 
Load in MW 40 50 60 50 70 80 40 
(i) Draw the load curve and estimate the load factor of the plant, (ii) what is the 
load factor of a standby equipment of 25 MW capacity if it takes up all loads 
above 60 MW ? What is its use factor ? 
[Ans : (i) Load factor = 0.71, (ii) Load factor = 0.75, use factor = 0.6] 
12.2 The annual peak load on a 60 MW power station is 50 MW. The power station 
supplies load having maximum demand of 20 MW, 17 MW, 10 MW and 9 MW. 
The annual load factor is 0.45. Find (i) average load, ii) energy supplied per 
year, (iii) diversity factor, (iv) demand factor. 
[Ans :: (i) 22.5 MW, (fi) 197, 1x10 kWh, (iii) 1.12, (iv) 0.89] 
12.3' “An yearly load’ duration curve of a power plant is straight line from 30,000 kW 
to 4,000 kW. To meet the load three turbo-generator are installed. The capacity 
of two generator is 15,000 kW each and the third is rated at 5 000 kW. 
Determine (i) load factor, (ii) capacity factor, (iii) maximum demand. 


[Ans : (i) 0.57, (ii) 0.49, 
124 A power plant has following annual factors ; " Mit) 26,000 il 


Load factor = 70%, capacity factor = 60%, and use factor = 65% 
plant has a maximum demand of 50 MW, Estimate ie 
(ii) reserve capacity above peak load, (iii) hours pe 

[Ans : (i) 306.6x 10° kWh, (ii 


12.6 


12:7 


12g 


The powe! 
(i) annual energy production 
T year the plant is not in us 
) 8333.33 kW, (iii) 673.850) 
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25 A power plant of 200 Mw i 
Capital cost of installed capacity has the following parti ; 
Interest and pee il = Rs. 140x 10 ing particulars + 
Annual load factor = in, 11% of the capital 
Annual capacity faction = . 5% i 
Annual cost/of coal, oil ihe d i * 
Energy consumed b: ‘ rhe salatics = Rs. 21x10° 
Determine : (i) reserv y power plant auxiliaries = 4% 
/ iS Hoe i) generating cost per kWh 
12.6 _A-penerati ; ns : (i) 962% 10° kWh, (ii) 3.64 paise per KWI 
g nerating unit of 120 MW capacity supplies the f i ing? riameey 
(a) Domestic consumers with a maxi ie following eat 2 
30%. ates amaximum demand of 75 MW ata load factor of 
(b) Small industri Pear a 
ae industrial load with a maximum demand of 70 MW at a load factor of 
c) Street-light 1 i okey MW at ty 
() . tbe os a ee demand of 5° MW at a load factor of 20% 
- i verall cost of ener; kK 
{in 0) ibing' the following data: ” aera Won fr coh Peg est 
ee Capital cost of the plant = Rs. 30,000 per kW, Annual rate of interest 
lepreciation on capital = 12%, Total running cost = Rs. 20 crores per year. 
— Rt < [Ans : (a) Rs. 1.91) (b) Rs. 0.55, (c) Rs. 2.60] 
fi : ee industry requires a maximum demand of 1 MW at 40% load factor. The 
following two power suppliers are available : ; eas 
@) State electricity board supply which charges Rs. 500/KW of maximum demand 
and maintenance and labour charges of 10 paise per kWh, The capital cost is Rs. 
150,000 and interest and depreciation charges on capital ate 10%. 
(i) A private gas turbine power plant requires Rs. 3 crores of capital. Interest and 
depreciation on the capital are 12%.’ Maintenance and labour charges are 5 paise 
per kWh of energy generated. The fuel consumption is 0.35 ke/kWh and cost of 
_ fuel-is Rs. 6 per kg. Determine which supply ig more economical. 
af [Ans': (i) 24.7 paise/kWh, i) Rs. 3.18/KWh, State electricity board] 
12.8. Determine cost of power generation per kWh for'a power station having the 


following data : 
Installed capacity of the plant = 120 MW 
Capital cost = Rs. 96x 10° . 


d depreciation = 14% 


’ Rate of interest ani eee 
d-taxation = Rs! 12x 10° 


Annual cost of fuel oil, salaries an 

Load factor = 40%, 
Also estimate the saving in cos 
50%.  - [Ans : costkWh 


t per kWh if the annual Joad factor is raised to 
= 6 paise, saving in cosv/kWh = 1.18 paisel 
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12.9 The input-output curve of a 10 MW power station eo Inti 


2 . 
24x 100+8L+0.4L ks 1h 
where / is the input in kJ/h and L is load in aaa 
(i) Find the load at which the maximum efficiency ete 3 Shy 
(ii) Find the increase in input required to increase stati 


i ‘acremental rate curve. 
by means of the input-output curve and ae es ened hel oe e ra 


12.10 The input-output curve of a 50 MW power station ss given by : 2 fi 
1 =-4y10°[@-+ 8040412] where Tis the input in KI/P an ie lie 
(i) Calculate the heat input per day to the owes plant if it works tor <© hours 
at full load and remaining period at,no,load. yo) sie te, 6) 
(ji) Also determine the ing per kWh of energy nie a plant works at 
enerating the same amount 0 so? 
full load a all 24 hours g ‘ine a ore ae 0S kdiday Gi) 6928 kak Wh} 
12.11 Two power plants are compared for their economical working having the details : 
as follows : ; ; We 
(i) cost of first unit = Rs. 7000 and it takes 90. KW. 
(ii) cost.of second unit = Rs. 18000 and it takes 50 kW 
: ’ Hach of them has useful life of 38000 hours. Which, unit, will prove 
economical if the energy is charged at Rs. 100.per kW. of, maximum demand per 
year and 8 paise per kWh ? [Ans : (i). Rs. 8.412/h, (ii) Rs.-5.04/h second unit] 
12:12 ‘The incremental fuel costs for two generating units a and _bof,a power plant are 
given by the following equations . ..; j = 


dra “0,07P, +24 and —2=0.075R, +22. 
—2=0, and —2=0. . mt 
aP, v6 Z dP, bit 0 


where F is fuel cost in rupees per hour, and P is power output in MW. Calculate 
(i) the economic loading of the two units, when the total load supplied by the 
, power plant is. 180 MW. (ii) the loss in fuel cost per hour if the load-is equally 


shared by both units. {Ans:(i) P, = 79.3 MW, P, = 100.7 MW (i) Rs. 8.3/6] 


Objective Type Questions 


1. The power plant design is made-on the basi 
! asis off i iti 
(a) most efficient (b) most nandthenn seer 
: \(c) near to'load centre (d) none of the above ° 


The load curves: will not give following informations - 
(a) the energy generated in the period considered 
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(b) the maximum dema 
= 615 
‘roma eats fen tt, the power plant. y 
(d) it is useful to decide the economical 
on moe bs power plant is define 
a) average lo: i 

ge load/plant capacity (b) plant capacity/average load 


(c) maximum load/avera 
ge load i 
Load factor of power plant is aie pi aac acs 


ear eee (b) equal to unity 

The ratio of rina A . , (d) none of the above 

Neullistmens chet of the maximum demands of the individual consumers to the 
aximum demand of the whole group during ’a particular time is 


— of various generating units. 
as 


called 

(a) plant capacity factor (b) plant use factor 
(c) diversity factor (d) demand factor 
Diversity factor is always 

(a) more than unity (b) equal to unity 

(c) less than unity “ (d) none of the above 


Higher value of load factor indicates that 

(a) cost of power generation per unit is increased 

(b) cost_of power generation per unit is decreased 

(c) total plant capacity is not properly utilised for most of the time 
(d) all of the above , : 

The ratio of maximum demand to connected load is called 

(a) demand factor (b) plant use factor 

(c) plant capacity factor (d) diversity factor _ 

The load factor for domestic load is usually 
(a) 10 to 15% (b) 30 to 40% (c) 50 to 60% (@) 60 to 70% 
10. When will be the load factor and capacity factor numerically equal ? 

(a) at maximum efficiency of the plant 

(b) at the rated capacity of the plant is less than the peak load. 

(c) at the rated capacity of the plant is more than the peak load. 

(d) at the rated capacity of the plant is equal to the peak load. 


ll. Annual depreciation cost is calculated by 
(a) straight line method , ©) ape oe method 
c) diminishin, value method (d) all o the above * 

12, vs is ase as the ratio of additional input required to increase the additional 
output. 


(b) Incremental rate 


(a) Heat rate (d) none of the above 


(c) Demand rate 
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13. In two part tariff, variation in load factor will affect 
’ (a) fixed and running charges (b) only fixed charges 
(c) only running charges (d) none of the above 
14. A consumer has to pay no fixed charges in 
(a) flat rate tariff (b) two-part tariff 
(c) straight line meter rate (d) three-part tariff 
Answers 


1.(b+) 2) 3@) 4) 5 (© 6(@) 7-(b) &. @) %@) 10. @) 
11. (d) 12 (b) 13.,(c) 14.6) 0 ir. 
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